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@ Thraa-dlmensfonal cell and tissue culture system. 

@ The present invention relates to a ttiree-dimer>sional cell 
culture system which be used to culture a variety of different 
celts and tissues In vftro for prolonged periods of time. In 
accordance wfth the invention, cefls derived from a desired 
tissue are inoculated and grown on a pre^stabfished stromal 
support matrix. The stromal support matrix comprises stromal 
cells, such as fitxoblasts actively growing on a three-dlmer>- 
sional matrix. Stromal cells may also Indude other eels found in 
loose connective tissue suc^ as endothelial ceHs, macro- 
phages/monocytes, adipocytes, pericytes, reticular ceHs fouiKl 
in bone marrow stroma, etc. The stromal matrix provides the 
support, growth factors, and regulatory factors necessary to 
sustain long-term active proliferation of cells in cultura. When 
grown in ttvs three-dimensional system, the proHferating cePs 
mature and segregate property to form components of adult 
tissues analogous to counterparts found in vivo. 
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Description 

THREE-OIMENSIOHAL CELL AND TISSUE CULTURE SYSTEM 



5 1. INTRODUCTION 

The present invention is directed to a three-dimensional cell and tissue culture system. This culture system 
can be used for the long term proliferation of cells and tissues in vitro in an environment that more closely 
approximates that found In yfvo . The culture system described herein provides for proliferation and 

W appropriate cell maturation to form structures analogous to tissue counterparts in vivo . 

The resulting cultures have a variety of applications ranging from transplantation or implantation in vhro , to 
screening cytotoxic compounds and pharmaceutical compounds in vitro , and to the production of biotoglcaBy 
active molecules in 'bk>reactors'. The invention is demonstrated by way of examples describing the 
three-dimensional culture of bone marrow, skin, fiver, muscosai epithelium, pancreas, and adenocarcinoma. 

IS and further examples which show the use of three-dimensional culture systems in cytotoxicity assays, a 
btood-braln barrier model system and sMn transplants. 



2. BACKGROUND OF THE IhJVENTlON 

20 

The majortty of vertebrate cell cultures in vitro are grown as monolayers on an artificial substrate t^athed in 
nutrient medium. The nature of the substrate on which the monolayers grow may be solid, such as plastic, or 
semisolid gels, such as collagen or agar. Disposable plastics have become the preferred substrate used in 
modenvday tissue or cell culture. 

25 A few researchers have explored the use of natural substrates related to basement membrane components. 
Basement membranes comprise a mbcture of glycoproteins and proteoglycans that surround most cells in 
vryo. For example, Reid and Rojkund (1979, In. Methods in Enrymotogy, Vol. 57, Cell Culture, Jakoby & Fasten, 
eds.. New York, Acad. Press, pp.263-278); Vtodavsky et ai.. (1980, Cell 19:607-617); Yang et al., (1979, Proc. 
Natl. Acad. Sci. USA 76:3401) have used collagen for culturing heptocytes, epithefial cells and endothelial 

30 tissue. Growth of cells on floating collagen (Michalopouk)s and Pitot. 1975. Fed. Proc. 34:826) and celkjiose 
nitnate membranes (Savage and Bonney, 1978. Exp. CeH Res. 114:307*315) have been used In attempts to 
promote terminal differentiation. However, prolonged cellular regeneration and the culture of such tissues in 
such systems has not heretofore been achieved. 
Cultures of mouse embryo fibroblasts have been used to enhance growth of cells, partk^ularty at low 

35 der>sities. This effect is thought to be due partly to supplementation of the medium but may also t^e due to 
conditioning of the substrate by cell products. In these systems, feeder layers of fibroblasts are grown as 
confluent monolayers whk;h make the surface surtat>le for attachment of other cells. For example, the growth 
of glioma on confluent feeder layers of normal fetal intestine has been reported (Lindsay, 1979, Nature 228:80). 
While the growth of cells in two dimensions is a convenient method for preparing, observing and studying 

40 cells in culture, allowing a high rate of celt proliferation, it lacks the cell-cell and cell-matrix interactions 
characteristic of whole tissue in vivo . In order to study such functional and morphok>gical interactk>ns. a few 
Investigators have expired the use of three-dimensk>nal substrates such as collagen gel (Douglas et al., 1 980. 
In Vitro 16:306-312; Yang et al., 1979, Proc, Natl. Acad, Sci. 76:3401; Yang et al.. 1980, Proc. Natl. Acad. 
Sci. 77:2088-2092; Yang et al,. 1981. Cancer Res. 41:1021-1027); cellulose sponge, atone (Leighton et ai.. 

45 1951. J. Natl. Cancer Inst. 12:545-561) or ooHagen coated (Leighton et al., 1968, Cancer Res. 28:286-296); a 
gelatin sponge. Gelfoam (Sorour et al., 1975. J. Neurosurg. 43:742-749). 

In general, these three-dinf)ensk)nal substrates are inoculated with the cells to be cultured. Many of the ceH 
types have been reported to penetrate the matrix and establish a 'tissue-tike" histology. For example, three 
dirrYenslonal collagen gels have been utilized to culture breast epithelkim (Yang et al.. 1981, Cancer 

50 Res. 41 :1021-1027) and sympathetic neurons (Ebendal, 1976. Exp. Cell Res. 98:159-169). AddrtionaJly, various 
attempts have been made to regenerate tissue-like architecture from dispersed monolayer cultures. Kruse 
and Miedema (1965. J. Cell Biol. 27:273) reported that perfused monolayers couM grow to more than ten cells 
deep and organoid structures can develop in muttilayered cultures if kept supplied with appropriate medium 
(see also SchnekJer et al.. 1963. Exp. Cell Res. 30:449-469 and BeH et al.. 1979. Proc. Natl. Acad. Sci. USA 

55 76:1274-1279); Green (1978. Science 200.1385-1388) has reported that human epidennal kerotinocytes may 
form dematoglyphs (friction ridges) if kept for several weeks without transfer; Folkman and Haudenschlld 
(1980. l^ture 288:551-566) reported the formation of capillary tubules m cultures of vascular endothelial cells 
cultured in the presence of endothelial growth factor and medium conditioned by tunr>or cells; and Sirica et al. 
(1979, Proc, Nati. Acad. Sci, U.S.A. 76:283-287; 1980, Cancer Res, 40:3259-3267) maintained hepatocytes in 

60 primary culture for about 10-13 days on nyton meshes coated with a thin layer of collagen. However, the long 
term culture and prorrferatk>n of cells in such systems has not been achieved. 

Indeed, the establishment of long term culture of tissues such as bone marrow has t>een attempted. Overall 
the results were disappointing, in that although a stromal cell layer containing different cell types is rapidly 
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formed, signrficant hematopoiesis couJd not be maintained for any real time. (For review see Dexter et aJ., In 
Long Term Bone Marrow Culture, 1984, Alan R. Liss, Inc.. pp.57-96). " 



3. SUMMARY OF THE INVEhfTTON 5 

The present invention relates to a three-dimensional ceU culture system which can be used to culture a 
variety of different cells and tissues in vitro for prolonged periods of time. In accordance with the invention. 
ceNs derived from a desired tissue are inoculated and grown on a pre-established stromal support matrix. The 
stromal support matrix connprises stromal cells, such as fibrot>lasts. actlvefy growing on a three-dimensional 10 
matrix. Stromal cells may also include other cells found in loose connective tissue such as endothefial cefls, 
nrtacrophages/monocytes. adipocytes, pericytes, reticular cells found in bone marrow stroma, etc. The stromal 
pDatrix provides the support, growth factors. arKi regulatory factors necessary to sustain long-term active 
proliferation of cells in culture. When grown in this three-dlmer^lonal system, the proliferating ceHs mature and 
segregate properly to form compor>ents of adult tissues analogous to counterparts found in vivo . is 

The Invention is based, in part, on tt>e discovery that growth of stromal cells In three dimensions will sustain 
active proliferation of cells in culture for longer periods of time than wfN monolayer systems. This may be due. 
in part, to the irx^reased surface area of the three-dimensional matrix which results in a prolonged period of 
active proliferation of stronnal cells. These proliferating stromal cells etatKxate proteins, growth factors and 
regulatory factors necessary to support tt>e long term proliferation of both strcHmal and tissue-specific ceHs 20 
inoculated onto tf>e stromal matrix. In addition, the three-dimensionality of the matrix aVows for a spatial 
distribution which more closely approximates conditions in vivo , ttHJs allowing for the formation of 
microenvtronments conducive to cellular maturation and migration. The growth of cells In the presence of this 
support may t>e furtt>er enhanced by adding proteins, glycoproteins, glycosaminoglycans, a cellular matrix, 
and other materials to the support itself or by coating the support with these materials. 2s 

The use of a three-dimensional support allows the cells to grow in multiple layers, thus creating the 
three-dlPDensional cell culture system of the present invention. Many cell types arKi tissues can be grown In the 
three-dimensional culture system. 

In specific embodiments of the Invention, bone marrow, skin, liver, pancreas, mucosal epithelium, 
adenocarcinoma and melanoma tissues may be grown in the three dimensional culture system. 30 

In addition, the resulting cultures may be used as model systems for the study of physiologic or pathologic 
conditions. For example, in a specific embodiment of the invention^ a three-dimenslnal culture system may be 
used as a model for the blood-brain barrier. In an additional specific embodiment, and not by way of limitation, 
a three-dlmer>sional culture of mucosal epithelium may be used as a model system to study herpesvirus or 
papillonnavirus infection. The resulting cultures have a variety of applications rar>ging from transplantation or 35 
implantation, in vivo , of cells grown in tt>e cultures, cytotoxicity testing and screenir>g compounds in vitro , and 
the design of 'bioreactors" for the production biological materials in vitro . 

3.1. PEFINmONS AND ABBREVIATIONS 40 
The following terms used herein shall have the meanings indicated: 

Adherent Layer : cells attached directly to the three-dimensional matrix or connected indirectly by 
attachment to cells that are themselves attached directly to the matrix. 

Stromal Cells : fibroblasts with or without ott^er ceKs and/or elements found in loose conr>ective tissue. 45 
including but not limited to. endothelial cells, pericytes, nr^crophages, monocytes, plasnw celts, mast cells, 
adipocytes, etc. 

Tissue-Specific or Parenchymal Cells : the ceHs which form the essential and distinctive tissue of an organ as 
distinguished from its supportive framework. 

Three-Plmenslonal Matrix : a three dimensional matrix composed of any material arxl/or shape ttiat (a) 50 
allows cells to attach to it (or can be modified to allow ceHs to attach to it) ; arid (b) altows cells to grow In more 
than one layer. This support is irH}cu)ated with stromal cells to form the three-dimenskx>al stromal matrix. 

Three-Pimenskmal Stromal Matrix : a three dimensional matrix whfch has t>een inoculated with stromal cells. 
Whether confluent or subconfluent. stromal cells accordir>g to the invention continue to grow arKi divide. The 
stromal matrix will support the growth of tlssue-specifk: cells later inoculated to form the three dimensional 55 
cell culture. 

Three-Dimensiof>al Cell Culture : a three dimensional stromal matrix which has been inoculated with 
tissue-specific cells and cultured. In general, the tissue specrfk; cells used to inoculate ths three-dimensional 
stromal matrix should include the *stem* cells (or 'reserve' cells) for that tissue; Le., those ceMs which 
generate new celts that will mature into the specialized celts that form the parenchyma of the tissue. 60 

The following abbreviations shaA have the meanings indk:ated: 
BFU-E «= burst-forming unit-erythroid 
CFU-C = colony formif>g unit-culture 

CFU-GEMM = colony forming unit-granuloid, erythroid, monocyte, megakaryocyte 

EDTA = ethylene diamine tetraacetic acid 65 
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FBS — fetal bovine serum 

HBSS Hank's balanced satt solution 

HS = horse semm 

LTBMC = long term bone marrow culture 

5 MEM: minimal essential medium 
PBL = peripheral blood leukocytes 
PBS = phosphate buffered saline 
RPMI 1640 - Roswell Park Memorial Institute 
medium number 1640 (GIBCO, Inc., Grand Island, NY) 

10 SEM ^ scanning electron microscopy 



4. DESCRIPTION OF THE FIGURES 

15 

FIG. 1 is a scanning electron micrograph depksting fibroblast attachment to the three-dknenslonal 
matrix and extension of cellular processes across the nr>esh openlf>g. Fibroblasts are actively secreting 
matrix proteins and are at the appropriate stage of subconfluency whk;h should be obtained prior to 
inoculation with tissue-specifk; cells. 
20 FIG. 2 is a scanning electron micrograph of the three-dimensional LTBMC demonstrating the 210 ^m 

sieve area for expression of erythroid. myeloid and other cok>nles. Support cells have grown linearly along 
and enveloped the three-dimensional matrix. 

FIG. 3 is a graph representing the total ceH count of the three-dimensional LTBMC adherent and 
nonadherent layers over several weeks in culture. Total ceH counts and cytospin preparations of tt>e 
25 nonadherent zone were made using spent medium removed when the cultures were fed every five days. 

Cell counts of the adherent zone were done at different Intervals of LTBMC by treating the 
three-dimensional cell culture with collagenase and trypsin to remove adherent ceHs. Cellular proliferation 
achieved a steady state condition after several weeks in culture, 
FIG. 4 is a graph representing the CFU-<: per 10^ cells obtained from the adherent zone of the 
30 three-dimensk>nal LTBMC over several weeks in culture. 

FIQ. 5 is a diagramnriatk: representation of the three-dimensional skin model. A denmal/epklennal 
junction is present, above whtoh lies pigmented melar^ocytes and several layers of pigment-containing 
keratinocytes. The stromal cells attach to the matrix and form the dennal comporwnt. 
FIG. 6 is a scanning electron micrograph of the three-dinwnsional stroma three days after inoculation 
35 with melanocytes. Melanocytes grow normally in the three-dlnoenswnal system in that they exhibit 

dendrite formation, remain pigmented, and retain the ability to transfer pigment to keratinocytes. 

FIG. 7 is a photomk^rograph of a cross sectkxi of the three-dimensk^nal skin culture stained with 
hematoxylineosin. Normal epidenmal (E) cell n:K)rphology and orientation is obsdous. Epidermal and 
dennal (D) components completely surrour>d tt)e mesh fiber (M). and a distinct dermal/epidermal junction 
40 is present. 

FIG. 8 is a photomicrograph showing an area of epklermis from the three-dimensional skin culture 
stained with tolukline. Keratinocytes (K) manifest a normal nruxphology and contain pigment (P) granules. 
A maturation of cells is seen, with evidence of stratum corenum (SC). 

FIG. 9 is a photomicrograph of the three-dimensk>nal skin model grafted onto rats seven days post 
45 transplant. A distinct dermal and epidermal junction is evkient. Cells show firm attachment to the mesh 

with no signs of rejectk^n. 

FIG. 10 Is a photomk;rograph of the three-dimensional skin nrK>del grafted onto rats seven days post 
transplant. Collagen bundles (c) and all cell types are represented. Including keratinocytes (k). fibroblasts 
(f). adipocytes (a), and sn>ooth muscle cells (s). arranged in a natural configuration around tt>e nylon 
50 mesh fiber (m). 

FtG. 11. is a photomk^rograph of adult liver cuttures grown by the three-dimensional culture nr>ethod 
forming a three-dimensional multitayered tissue on hepatk; stromal cells. 

FIG. 12. is a photomksrograph of actively dMding hepatocytes during the first ten to twelve days after 
inoculation into three-dimensional cultures resemble hepatoblasts or cells of regenerating liver. 
55 FIG. 13. is a photomk:rograph of a cross-sectk>n of a three-dimensk>nal tissue culture of mucosal 

epithelium. 

FIG. 14. is a photomicrograph of a cross-sectk>n of a three-dimer)sk>nal tissue culture of pancreas. An 
arrow points to zymogen granules in an acinar cell. An asterisk indicates a stromal ceH. 

FIG. 15. is a photomicrograph of a cross-sectkxi of a three-d(mensk>nai tissue culture model system of 
60 the blood braki bamer. A closed arrow points to a small blood vessel endothelial cell. An open arrow 

points to a neuronal cell. An asterisk indicates an astrocyte. 

FIG. 16. Is a photomicrograph of a cross-section of a three-dimensk>nal tissue culture of 
adenocarcinoma. 

FIG. 17. is a graph comparing the response of fibroblasts grown In monolayer with stromal and 
65 full-thickness marrow grown on the three-dimensfonal mesh system of the Invention. The substrates 
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show a dose-related response to adriamycin utiltekig the neutral-red assay for celt viabjlrty. 

RQ. 18. is a graph presenting neutral red assay results showing a dose-reiated response to 
cis-piatinum by stromal arKd bone nDanrow three-dimensional cultures. 

RQ. 19. is a photograph showing the surface corujition of a full-thickness wound 10 days after 
implantation of a human neodermis into mtcroplg. Minimal contraction was noted, with no signs of 5 
rejection or dehydration. 

FIG. 20. is a photomicrograph presenting histological evaluation of a neodermis showing a 
cross-section of mesh fibers, alor)g with active ftt>roblasts and naturally-secreted collagen. 

FIG. 21. Is a photograph comparing wounds treated either with neodermis (left) and biodegradable 
noesh alone (right). Note the decrease in contraction and increase in pigmentation and hair growth In the io 
wound Into wtiich the neodermis was implanted. 

FIG. 22. is a photomicrograph showing histological evaluation of a biopsy taken from site treated with 
mesh soaked in hunr^ dermal fibroblast tysate. Note the increase tn epithelial cell migration around 
individual mesh fibers. 

FIG. 23. is a photomicrograph showing htstdogk^ evaluatkxi of a dermal equivalent 21 days after is 
implantatton. Epithelial cells have migrated onto the dermal surface, attached evenly, and exhibit normal 
differentiatkK) and growth. The growth of deep rete pegs is characteristk; of transplanted skin. Resolution 
of the rete pegs Is seen within three to four months. 

FIG. 24. is a photograph of a full thickness wound 21 days after treatment with neodermis. Half of the 
neodermis has received an autobgous cultured epithelial graft. The epithelial graft healed eventy. ao 
prevented further contractkxi, and firmty attached to the underlying dermal equivalent. 

FIG. 25. is a photomtorograph showing histok>gk^l evaluation of the epidemoal/dermal site depk:ted in 
Figure N. Note the even growth and att8chnr>ent of the keratlnocytes to the dermal equivalent. Mesh fibers 
are still evident 21 days after transplant and fibroblasts remain active among naturally secreted coHagen 
fibers. 25 



5. DETAIt^D DESCRIPTION OF THE INVENTION: THE THREE-DIMENSIONAL CELL CULTURE SYSTEM 

The present invention involves a three-dimensk>nal matrix and Its use as the frarrrework for a so 
three-dimensional, multi-layer cell culture system. In prevkHisly known tissue culture systems, the cells were 
grown in a monolayer. Cells grown on a three-<jimensior>al stromal support, in accordance with the present 
Invention, grow In multiple layers, forming a cellular matrix. This matrix system approaches physiologic 
conditk)ns found in vivo to a greater degree than previously described monolayer tissue culture systems. The 
three-dimensional cell culture system is applk^le to the proliferation of different types of cells and formation 35 
of a number of different tissues, including but not limited to bone marrow, skin, liver, pancreas, kidney, adrenal 
and neurok>gic tissue, to name but a few. 

The culture system has a variety of applicatk>ns. For example, for tissues such as skin, glands, etc. the 
three-dimensk>nal culture itself may be transplanted or implanted into a living organism. Alternatively, for 
diffuse tissues such as bone marrow, the proliferating cells could be isolated from the culture system for 40 
transplantation. The three-dimenstonal cultures may also be used in vitro for cytotoxk;ity testing and screening 
compounds. In yet another applk^ation. the three-dlmensk>nal culture system may be used as a "bicreactor* to 
produce cellular products in quantity. 

In accordance with the kiventk^n, cells derived from a desired tissue (herein referred to as tissue-specrfk; 
cells or parenchymal cells) are Inoculated artd cultured on a preestablished three-dimensk>nal stromal matrix. 45 
The stromal matrix comprises stromal cells grown on a three-dimensional matrix or network. The stromal cells 
comprise fibroblasts with or without additk>r^ cells and/or elements described more fully herein. The 
fibroblasts and other cells and/or elements that comprise the stroma may be fetal or adult in origin, and may be 
derived from convenient sources such as iver. parwreas, etc. Such tissues and/or organs can be obtained by 
appropriate biopsy or upon autopsy. In fact, cadaver organs may be used to provide a generous supply of 50 
stromal celts and elenrtents. 

Fetal fibroblasts will support the growth of many different cells and tissues in the three-dimensional culture 
system, and, therefore, can be inoculated onto the matrix to form a "generic" stromal support matrix for 
culturing any of a variety of cefla end tissues. However, in certain instances, it may be preferable to use a 
'specific' rather than 'gerYeric' stromal support matrix, in whk:h case stromal cells arid elenrtents can be 55 
obtained from a particular tissue, organ, or Indlvklual. For example, where the three-dinDensional culture Is to 
be used for purposes of transplantation or imptantat»n in vtvq , it may be preferable to obtain the stromal cells 
arKi elements from the indivkiual who Is to receive the transplant or implant. This approach might be especially 
advantageous where immundogteal rejection of the transplant and/or graft versus host disease Is likely. 
Moreover, fibroblasts and other stromal cells and/or elements may be derived from the same type of tissue to 60 
be cultured in the three-dimensional system. This might be advantageous when culturing tissues in whk^h 
specialized stromal cells may play partKular structural/functional roles; e.g. , glial cells of neurotogk^ tissue. 
Kupffer cells of liver, etc. 

Once inoculated onto the three-dimensional matrix, the stromal cells will proliferate on the matrix and 
support the growth of tissue-specific cells inoculated into the three-dimensional culture system of tt\e 65 
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fnvention. In fact, when inoculated with the tissue-specHic cells, the three-dimensional stromal support matrix 
will sustain active proKferation of ttie culture for long periods of time. Growth and regulatory factors may be 
added to the culture, but are not necessary since they are elaborated by the stromal support matrix. 
Because, according to the invention, it Is important to recreate, In culture, the cellular microenvironment 

5 fourxJ in vivo for a particular tissue, the extent to which the stromal ceHs are grown prior to inoculation of 
parenchymal cells may vary depending on the type of tissue to be grown In three-dimensional tissue culture. 
For example, in bone marrow tfree-dlmensional cultures. It Is preferable to inoculate hematopoietic cells onto 
a stromal matrix which is subconfluent. However, in sidn three-dimenslorud tissue cultures, it is preferred, 
accordjr>g to the invention, to allow tf>e stromal ceKs to reach confluence prior to Inoculation with 

10 Icerattnocytes arKi/or melanocytes, so as to recreate the structure of the dermal component of stdn. 
Importantly, because openings in the mesh permit ttie exit of stromal cells in culture, confluent stromsri 
cultures do not exhibit contact inhibition, and the stromal eels continue to grow, divide, and remain 
fur)ctionatty active. 

The invention is based, in part, upon the discovery that growth of tt>e stromal cells in three dimensior>s wiR 
15 sustain active proliferation of both the stromal and tissue-specific ceKs In culture for much longer time periods 
ttian wHI morK)layer systems. Moreover, the three-dimensional system supports the maturation, differentiation, 
and segregation of cells in culture in vitro to form compor>ents of adult tissues analogous to counterparts 
found in vivo . 

Although the applicants are under no duty or obfigation to explain the mechanism by which the Invention 
20 works, a number of factors inherent in the three-dimensional culture system may contribute to its success : 

(a) The three-dimensional matrix provides a greater surface area for protein attachment, and 
consequently, for the adherence of stromal cells. 

(b) Because of the three-dlmensionaiity of ttie matrix, stromal celts continue to actively grow, in 
contrast to cells in monolayer cultures, which grow to confluence, exhibit contact inhibition, and cease to 

25 grow and divide. The elaboration of growth and regulatory factors by replicating stromal cells may be 

partially responsible for stimulating proliferation and regulating differentiation of ceHs in culture. 

(c) The three-dimensional matrix allows for a spatial distribution of cellular elements which is more 
analogous to that found In the counterpart tissue in vivo . 

(d) The increase In potential volume for cell growth in the three-dimensional system may allow the 
30 establishment of localized microenvironments conducive to cellular maturation. 

(e) The three-dimensional matrix maximizes cell-cell Interactions by allowing greater potential for 
movement of migratory cells, such as macrophages, monocytes and possibly lymphocytes in the 
adherent layer. 

(f) It has t>een recognized that maintenace of a differentiated cellular phenotype requires not only 
35 growth/differentiation factors but also the appropriate cellular interactions. The present invention 

effectivefy recreates the tissue microenvironment. 
The three-dimensional stromal support, the culture system itself, and Its mainteriance, as well as various 
uses of the three-dimensional cultures are descrit>ed in greater detail In the subsections below. 

40 

5.1. ESTABUSHMEI^ OF THREE-DIMENSIONAL STROMAL MATRIX 

The three-dimensional support may t>e of any material and/or shape tf)at: (a) alows cells to attach to it (or 
can t>e modified to allow ceHs to attach to it) ; and (b) allows cells to grow in more than one layer. A number of 

45 different materials may be used to form the matrix, including but rK>t Ikntted to: nyton (polj^amides), dacron 
(polyesters), polystyrene, polypropylene, polyacrylates. polyvinyi compounds ( e.g. , polyvlnylchlorlde), 
poiycartx>nate (PVC). polytetrafluorethylene (PTFE; teflon), tfiemianox (TPX). nitrocellulose, cotton, 
polyglycolic acid (PGA), cat gut sutures, cellulose, gelatin, dextran. etc. Any of these n^aterials nwy be woven 
into a mesh, for example, to form tiie three-dimensional matrix. Certain materials, such as nylon, polystyrene. 

50 ' etc.. are poor substrates for cellular attachment. When these materials are used as the three^imensional 
support matrix, it is advisable to pre-treat the matrix prior to inoculation of stromal celts In order to enhance the 
attachment of stromal cells to the matrix. For example, prior to inoculation with stromal cells, nylon matrices 
could be treated with 0.1 M acetic acid, and Incubated in potytysine, FBS, ar>d/or coAagen to coat the nyion. 
Polystyrene could be similarly treated usir>g sulfuric acid. 

55 Where the three-dtmensionai culture is itself to be Implanted in vivo , it may he preferable to use 
biodegradable matrices such as poly glycollc acid, catgut suture material, or gelatin, for example. Where the 
cultures are to be maintained for long periods of time or cryopreserved, non-degradable materials such as 
nylon, dacron, polystyrene, polyacrylates, polyvinyls, teflons, cotton, etc, may be preferred. A convenient nylon 
mesh which could be used in accordance with the invention is Nitex, a nylon filtration mesh having an average 

60 pore size of 210 \iiT\ and an average nylon fiber diameter of 90 jim (#3-210/36, Tetl<o, Inc., N.Y.), 

Stromal cells comprising fibroblasts, with or without otfier cells and elements described below, are 
inoculated onto the matrix. These fibroblasts may be derived from organs, such as skin, liver, pancreas, etc. 
which can be obtained by biopsy (where appropriate) or upon autopsy. In fact fibroblasts can be obtained in 
quantity rather conveniently from any appropriate cadaver organ. As previously explained, fetal fibroblasts can 

65 be used to form a "generk:" three-dimensional stromal matrix that will suppKHl the growth of a variety of 
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drfferent cells and/or tissues. However, a "specific'' stromal matrfx may be prepared by inoculating the 
three-dimensionaJ matrix with fibroblasts cferived from the same type of tissue to be cuitured and/or from a 
particufar individual who Is later to receive the cells and/or tissues grown In culture in accordance with the 
three-dimensional system of the invention. 

Rbroblasts may be readily isolated by disaggregating an appropriate organ or tissue which is to serve as the 5 
source of the fibroblasts. This may be readify accomplished using techniques known to those skilled in the art. 
For example, the tissue or organ can be disaggregated mechank^aily and/or treated with digestive enzymes 
and/or chelating agents that weaken the connectk>r>s between nelght)oring ceUs making it possible to 
disperse the tissue into a suspension of individual cells without appreciabie cell breakage. Enzymatk; 
dissociation can be accomplished by mincing ttie tissue and treating the minced tissue with any of a rKjmt>er of 10 
digestive enzymes either ak>ne or in combinatton. These include but are not limited to trypsin, chymotrypsin. 
collagenase. elastase, and/or hyaluronidase. DMase, pronase. dlspase etc. Mechar>k^ disruption can also be 
accomplished by a numt>er of methods including, txit not Hmited to ttie use of grinders, blenders, sieves, 
homogenizers, pressure cells, or Insonators to name but a few. For a review of tissue disaggregation 
techniques, see Freshney, Culture of Animal Cells. A Manual of Basic Technkjue. 2d Ed.. A.R. Liss. Inc., New fs 
York, 1987, Oh. 9, pp. 107-126. 

Once the tissue has been reduced to a suspensbn of individual cells, the suspension can be fractionated 
Into sut>populat{ons from whk^h the fibroblasts and/or other stromal cells and/or elements can be obtained. 
This also may be accomplished using standard technk^ues for cell separation Including but not Nmrted to 
cloning and selectk^n of specific ceN types, selective destruction of unwanted ceils (negative selectk>n). 20 
separation based upon differential cell agglutinabilrty In ttie mixed popufatk>n, freeze-thaw procedures, 
differential adherence properties of the cells in the mixed populatk>n, filtration, conventtonal and zoruil 
centrifugatkxi, centrifugal elutriatton (counter-streaming centrtfugatk>n), unit gravity separatk)n, countercur- 
rent distributkxi. electrophoresis and fluorescence-actrvated cell sorting. For a review of clonal S6lectk>n and 
cell separatk>n techniques, see Freshney, Culture of Animal Cells. A Manual of Basic Techniques, 2d Ed., A.R. 25 
Liss. Inc., New York. 1987, Ch. 11 and 12, pp. 137-168. 

The isolatk^n of frf>robiasts may, for example be carried out as follows: fresh tissue samples are thoroughly 
washed and minced In Hanks balanced salt solutkxi (HBSS) in order to remove serum. The minced tissue is 
incubated from 1-12 hours In a freshly prepared solution of a dissociating enzyme such as trypsin. After such 
incubation, the dissociated celts are suspended, pelleted by centrrfugatlon and plated onto culture dishes. All 30 
fibroblasts will attach before other ceHs, therefore, appropriate stromal cells can be selectively isolated and 
grown. The isolated fibroblasts can then be grown to corrfluency, lifted from the confluent culture and 
inoculated onto the three-dimensional matrix (see. Naughton et al.. 1987, J. Med. 18{3&4):21 9-250). 
Inoculation of the three-dimensional matrix with a high concentration of stromal cells, e^. , approximately 10* 
to 5 X lO'^ cells/ml, will result In the establishment of the three-dimensk>nal stromal support In shorter periods 3S 
of time. 

In addition to fibroblasts, other ceUs may be added to form ttie three-dimensional stromal matrix required to 
support long term growth in culture. For example, other cells found in \oose connective tissue may be 
inoculated onto ttie three-dimensionai support along with fibroblasts. Such cells include but are not limited to 
endothelial cells, pericytes, macrophages, morKx:ytes, plasma celts, mast celts, adipocytes, etc. These stromal 40 
cells may readily t>e derived from appropriate organs such as skin, liver, etc.. usir>g mettu>ds known in the art 
such as those discussed above. In one embodiment of the Invention, stromal cells which are specialized for 
the partteular tissue to be cultured may be added to the fibroblast stroma. For example, stromal cells of 
hematopoietic tissue, including but not rimrted to fibroblasts. erKlottielial cells, macrophages/morKX^es. 
adipocytes and reticular cells, could be used to form the three-dimensional sut>confluent stroma for the \ong 45 
temi culture of bof>e marrow in vitro . Hematopoietic stromal cells may be readily obtained from the "buffy coat' 
formed in t>one nwrow susp6nsk>ns by centrifugation at k>w forces, e.g. . 3000 x g. Stromal celts of liver may 
include fibroblasts. Kupffer celts, and vascular and bile duct endothelial cells. Simitariy, glial ceUs couki be used 
as tt>e strong to support the proliferation of neurologk^al cells and tissues: glial cells for this purpose can be 
obtained by trypsinizatk>n or coHagenase digestion of embryonk^ or adult brian (Ponten and Westermark, 1980. so 
in Federof. S. Hertz, L. eds, "Advances in Cellular Neurobtology.' Vol.1. New York. Academic Press. 
pp.209-227). 

Agaki. where the cultured ceHs are to t>e used for transplantation or implantation In vivo it is preferable to 
obtain the stromal cells from tfie patient's own tissues. The growth of cells in the presence of the 
ttiree-dlnf>ensional stromal support matrix may t>e further enhanced by adding to the matrix, or coat]r)g the 55 
matrix support with proteins (e.g.. collagens. etastte fibers, reticular fibers) glycoprotoins, glycosaminoglycans 
( e.g. , heparan sulfate, chondroitin-4-sulfate, chondro(tin-6-sulfate. dermatan sulfate, keratan sulfate, etc.), a 
cellular matrix, and/or other nnaterials. 

After ir>oculation of tt^ stromal cells, the three-dlnf>ensional matrix should be if>cubated in an appropriate 
nutrient medium. Many commercially available media such as RPM1 1640, Fisher's, tscove's. McCoy's, and ttie 60 
like may be suitable for use. It is important that the three-dimensk>r)al stromal matrix be suspended or floated 
in the medium during the incubation period in order to maximize proKferatlve activity, in addition, ttie culture 
should be 'fed' periodrcally to remove the spent media, depopulate released cells, and add fresh media. 

During the incubatk>n period, the stromal cells wilt grow linearly along and envelop the three-dimensk>nal 
matrix before beginning to grow into the openings of the matrix. It Is important to grow the cells to an 65 
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appropriate degree which reflects the amount of stromal cells present in the in vtvo tissue prior to inoculation 
of the stromal matrix with the tissue-specific cells. 

The openings of tt\e matrix should be of an appropriate size to allow the stromal cells to stretch across the 
openings. Maintaining actively growing stromal cells which stretch across the matrix enhances the production 
5 of growth factors which are elaborated by tf>e stromal cells, and hefx;e will support long term cultures. For 
example. If the openir>gs are too small, the stromal cells may rapidly achieve confluence but be unable to easily 
exit from the rr^esh; trapped cells may exhibrt contact inhibition and cease production of the appropriate 
factors necessary to support proliferation ar>d maintain long temr^ cultures. If the openings are too large, the 
stromal cells may be unable to stretch across the opening; this will also decrease stromal cell production of 
10 the appropriate factors necessary to support proliferation and maintain long term cultures. When using a mesh 
type of matrix, as exemplified herein, we have found that openings ranging from about 150 nm to alx>ut 220 juri 
will work satisfactorily. However, depending upon tt>e three-dimensional structure and Intricacy of the matrix, 
ott^er sizes may work equally well. In fact any shape or structure that aHow ttie stromal cells to stretch and 
continue to replicate and grow for lengthy time periods will work In accordance with the invention. 

16 Different proportions of the various types of collagen deposited on the matrix can affect the growth of the 
later inoculated tissue-specific cells. For example, for optimal growth of hematopoietic cells, the matrix should 
preferably contain collagen types 111, IV and I in an approximate ratio of 6:3:1 in the initial matrix. For 
three-dimensional skin culture systems, collagen types I and 111 are preferably deposited in the initial matrix. 
The proportions of collagen types deposited can be manipulated or enharwed t>y selecting fibroblasts whk:h 

20 elaborate the appropriate collagen type. This can be accomplished using monock>nal antibodies of an 
appropriate Isotype or subclass that is capable of activating complement, and whk:h define particular collagen 
types. These antibodies arxj complement can be used to negatively select the fibroblasts which express the 
desired coHagen type. Altemativefy, the stroma used to inoculate the matrix can be a mixture of celts which 
synthesize the appropriate collagen types desired. The distribution and origins of the five types of collagen is 

25 shown in Table I. 
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TABLE I 

DISTRIBUTIONS AND ORIGINS OF THE FiVE 
TYPES OF COLLAGEN 



Collagen Type 



tl 



III 



IV 



Principal 
Tissue 
Distribution 



Cells of Origin 



Loose and 
dense ordinary 
connective 
tissue; 

collagen fibers 
Rbrocartilage 
Bone 
Dentin 
Hyaline and 
elastic 
cartilage 
Vitreous body 
of eye 

Loose 

connective 

tissue; 

reticular fibers 
Papillary layer 
of dermis 
Blood vessels 



Rbroblasts 
and reticular 
cells; smooth 
muscle cells 



Osteoblast 

Odontoblasts 

Chondrocytes 

Retinal cells 

Fibroblasts 
and reticular 
cells 
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15 



20 



25 



Basement 
membrar^es 

Lens capsule 
of eye 
Fetal 

membranes; 
placenta 

Basement 

membranes 

Bone 

Smooth 

muscle 



Smooth 
muscle celts; 
endothelial 
cells 

Epithelial and 

endothelial 

cells 

Lens fitters 
Fibroblasts 



30 



35 



40 



Smooth 
muscle cells 



45 



Thus, depending upon the tissue to be cultured and the collagen types desired, the appropriate stromal cell(s) 
may be selected to inoculate the three-<limensionai matrix. During incubation of the three-dlmenslonaJ 
stromal support, proliferating cells may be released from the matrix. These released cells may stick to the walls 
of the culture vessel where ttiey may continue to proliferate and form a confluent monolayer. This should be 
prevented or minimized, for example, by removal of the released cells during feeding, or by transferring the 
three-dimensional stromal nuitrlx to a new culture vessel. The presence of a confluent monolayer in the vessel 
will 'shut down" the growth of cells in the three-difnensional nwitrix and/or culture. Removal of tt)e confluent 
monolayer or transfer of the matrix to fresh media in a new vessel wiH restore proTiferatlve activtty of tf>e 
three-dimensional culture system. Such renioval or transfers should be done in any culture vessel which has a 
stromal monolayer exceeding 25<^ confluency. Alternatively, the culture system could be agitated to prevent 
the released cells from sticking, or instead of periodically feeding the cultures, the culture system couki be set 
up so ttiat fresh media continuously flows through the system. The ftow rate coukj be adjusted to both 
niaximize prolfferation within the three-dimensional culture, and to wash out and remove cells released from 
tfie matrix, so ttiat ttiey will not sttek to the walls of the vessel and grow to confluence. In any case, the released 
stromal cells can be cotlected and cryopresen/ed for future use. 
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5^. tNOCULATION OF TISSUE-SPECIFIC CELLS ONTO THREE-DIMEf4S10NAL STROMAL MATRIX AND 

MAINTENA NCE OF CULTURES 

5 Once the three-dimensional stromal matrix has reached the appropriate degree of growth, the 
tissue-specific cells (parenchymal cells) which are desired to be cultured are inoculated onto the stromaJ 
matrix. A high concentration ot cells in the inoculum will advantageously result in increased proliferation In 
culture much sooner than will low concentrations. The cells chosen for inoculation will depend upon the tissue 
to be cultured, which may include but is not limited to bone marow, skin, liver, pancreas, iddney, neurological 
10 tissue, and adrenal gland, to name but a few. 

For example, and not by way of limitation, a variety of epithelial cells can bo cultured on the 
three-dimensionai living stromal support. Examples o1 such epithelial cells Include, but are not llmtted to, oral 
mucosa and gastrointestlonal (G.I.) tract cells. Such epithelial cells may be isolated by enzymatic treatment of 
the tissue according to methods known in the art. followed by expansion of these cells in culture and 

15 application of epithelial cells to tbe three-dimensional stromal support cell matrix (neo-submucosa). The 
presence of the submucosa provides growth factors and other proteins whk^h promote normal division and 
differentiation of the oral mucosa cells and the cells of the G.l. tract lining. Using this iT>ethodok>gy other 
epithelial cells can be grown successfulty, including nasal epithelium, respiratory tract epithelium, vaginal 
epithelium, and corneal epithelium. 

20 A variety of tumors may be grown on the three-dimensional living stromal support. Examples of such tumors 
include but are not limited to adenocarcinoma and malignant melarioma which may be derived from primary or 
metastatic srtes. Such cultures may be established in a manner similar to other three-dimensional epithella) 
cultures. Briefly, stromal ceils, derived from either the patient's tumor or normal tissue or from an allogenete 
source, are estabhshed on the mesh. After reaching near-confluency tt>e stromal cells are inoculated with 

25 tumor cells. The tumor cells wil continue to divide rapidly and form a three-dimerwional soMd tumor. Tumor 
cells grown in such a three-dimensional support exhibit a morphology simHar to fhe In vivo state and express 
and shed surface antigens in a manner similar to that of solid tumors; malignant cells grown in monolayers do 
not exhibit the same degree of similarity to In vivo tumor tissue. Such a physk)loglcal growth of tumor cells 
allows dpplicatior>s In the study and development of new chemotherapeutic agents, individualized 

30 chemotherapy regimens, and mechanisms of metastasis. In addition such tumor cultures may be useful in 
individualized immunotherapy. In this regard experimentation with ^^CR release studies has indicated thiat Lak 
cells evoke a much more potent response against tumor cells grown in three-dimensions as compared to cells 
cultured in monolayer. Immune cells may be obtained from patients by tradittonal phoresis techiques and 
sensitized to the patient's own tumor cells grown In three-dimensk>nal culture. 

35 In general, this inocukim shouW include the "stem" cell (also called the 'reserve' cell) for that tissue; Le.. 
those cells which generate new ceHs that will mature into the specialized cells that form the various 
components of the tissue. 

The parenchymal or tlssue-specifk; ceils used in the inoculum may be obtained from cell suspensions 
prepared by disaggregating the desired tissue using standard techniques descrit>ed for obtaining stromal 

40 cells in Section 5.1 above. The entire cellular suspenskxi itself coukt be used to inoculate ttw 
three-dimensional stromaJ support matrix. As a result, the regenerative cells contained within the homogenate 
will proliferate, mature, and differentiate properly on the matrix, whereas non-regenerative cells will not. 
Altematively, partteular eel types may be Isolated from appropriate fractions of the cellular suspension using 
standard techniques described for fractionating stronrial cells in Sectk)n 5.1 above. Where tfw 'stem' cells or 

45 "reserve' cells can be readily isolated, these may be used to preferentially Inoculate the three-dimenskmal 
stromal support. For example, when culturing bone maaow, the three-dimensional stroma may t>e inoculated 
with bone marrow cells, eittier fresh or derived from a cryopreser^d sample. When culturing sWn, the 
three-dimensional sirofna may be inoculated with melanocytes and keratinocytes. When culturing liver, the 
three-dimensional stronrut may be inoculated with hepatooytes. When culturing pancreas, the three-dimen- 

50 sional stroma may t>e inoculated with pancreatk: endocrine cells. For a review of mettK>ds whteh may be 
utilized to obtain parenchymal ceBs from various tissues, see. Freshney, Culture of Animal Cells. A Manual of 
Basic Technique, 2d Ed., A.R. Uss, Inc.. New York. 1987. Ch. 20, pp. 257-288. 

During incubation, the three-dimensional ceH culture system should be suspended or ftoated in the nutrient 
medium. Cultures should be fed with fresh media periodically. Again, care should be taken to prevent cells 

55 released from the culture from sticking to the walls of the vessel where they could proliferate and form a 
confluent monolayer. The release of cells from the three-dimensk)nai culture appears to occur more readily 
when culturing diffuse tissues as opposed to structured tissues. For example. tt>e three-dimensional skin 
culture of the Invention is histok>gicalty and morphotogically normal; the distinct dermal and epidemial layers 
do not release cells into the sunrouncRng media. By contrast, the three-din>ensk)nai bone marrow cultures of 

60 the Invention release mature non-adherent cells into the medium much the way such cells are released in 
marrow in vivo. As previously explained, should tfie released cells stick to the culture vessel and form a 
confluent monolayer, the proliferation of the three-dlmenstonal culture will be 'shut down". This can be 
avoided by removal of released cells during feeding, transfer of the three-d(mensional culture to a new vessel, 
by agitation of the culture to prevent sticking of released cells to the vessel waM, or by the continuous flow of 

65 fresh media at a rate sufficient to replenish nutrients in the culture arKi remove released cells. In any case, the 
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mature released cells coiHd be coMected and cryopreserved for future use. 

Growth factors and regulatory factors need not be added to the medta since these types of factors are 
elaborated by the three-dimensional stromal cells. However, tt>e addition of such factors, or the inoculation of 
other specialized cells may be used to enhance, alter or modulate proliferation and cell maturation in the 
cultures. The growth and activity of cells in cutture can be affected by a variety of growth factors such as 5 
insulin, growth hormone, somatomedins, colony stimutating factors, erythropoietin, epidenmaJ growth factor, 
hepatic erythropoietic factor (hepatopoietin), and liver-cell growth factor. Other factors which regulate 
proliferation and/or differentiation lrK;lude prostaglandins, interieukins. and naturally-occurring chafones. 

10 

5.3. USES OF THE THREE-DIMENSIONAL CULTURE SYSTEM 

The three-dimensional cutture system of the invention can be used in a variety of applications. These include 
but are not limited to transplantation or implantation of either the cultured cells obtained from the matrix, or the 
cultured matrix Itself In vtvo ; screening cytotoxic compounds, allergens, growth/regulatory factors. is 
phammceutical compounds, etc., in vitro ; elucidating the mechanism of certain diseases; studying the 
mechanisn) by which drugs and/or growth factors operate: diagnosing and monitoring cancer in a jsatient; 
gene therapy; and the production of biotogicaHy active products, to name but a few. 

For transplantation or imptantatfon In vivo , either the celis obtained from the culture or the entire 
three-dimensional culture could be implanted, depending upon the type of tissue involved. For example, 20 
three-dimensional t>one marrow cultures can be rri^ntair>ed in vitro for lor>g periods; the cells Isolated from 
these cultures can be used in transplantation or the entire culture may be implanted. By contrast, in skin 
cultures, the entire three-dimensional culture can be grafted In vivo for treating bum victims, skin uk:eratk>ns, 
wounds, etc. 

Three-dimensional tissue culture Implants may, according to the inventkxi. be used to replace or augment 25 
existing tissue, to introduce rmi or altered tissue, to modify artrfk^ial prostheses, or to join together biological 
tissues or structures. For example, and not by way of ttmitatk>n. specific embodiments of the irwention would 
include (i) three-dimensiorwl bone marrow culture implants used to replace bone marrow destroyed during 
chemotherapeutk; treatment; (ii) three-dimensk>nal liver tissue implants used to augment liver function in 
cirrhosis patients; (iii) geneticaly altered cells grown In three-dimensional culture (such as three-dimensonal 30 
cultures of fibroblasts whteh express a recomtwnant gene encoding insulin); (iv) hip prostheses coated with 
three-dimensranal cultures of cartilage; (v) dental prostheses joined to a three-dimensional culture of oral 
mucosa. 

TTie three-dimenstonal cultures may be used in vitro to screen a wkJe variety of compounds, such as 
cytotoxic compounds, growth/regulatory factors, pharmaceutical agents, etc. To this end, the cultures are 35 
maintained in vitro and exposed to the compound to be tested. The activity of a cytotoxic compound can k>e 
measured by its ability to damage or kiM cells in culture. This may readily be assessed by vital staining 
technk^ues. The effect of growth/regulatory factors may be assessed by arwlyzing tt>e ceHular content of the 
matrix, e^, by total cell counts, and differential cell counts. This may be accomplished using standard 
cytotogicai and/or histdogtoai technk^ues including the use of immunocytochemical techniques employing 40 
antibodies tf>at define typa-specifrc cellular antigens. The effect of various drugs on normal cells cultured In the 
three- dimensional system may be assessed. For example, drugs that increase red blood cell formatkx) can be 
tested on the three-dimensional Ixxie marrow cultures. Drugs ttiat affect cholesterol metabolism, e.g. , by 
towering cholesterol productton, couW be tested on the tfKee-dimensfonal Hver system. Three-dimenskjnaJ 
cultures of tumor ceHs may be used as model systems to test, for example, the effteacy of anti-tumor agents. 45 

The three-dimenstonal cultures of the inventton may be used as model systems for the study of physidogto 
or pathok:>gic conditions. For example, in a specific embodiment of the inventton. a three-dimensional culture 
system may be used as a model for the blood-brain barrier; such a model system can t)e used to study the 
penetratton of substances through the btood-brain barrier. In an addlttonal specrfte embodiment, and not by 
way of limitatton, a three-dimenstonal culture of mucosal epithelium may be used as a model system to study so 
herpesvirus or papiHomavirus Infectton; such a model system can be used to test the efftoacy of anti-viral 
medications. 

The three-dimenstonal ceH cultures may also be used to aid In the diagnosis arKl treatment of malignancies 
and diseases. For example, a biopsy of any tissue ( e.g. bone marrow, sWn. liver, etc.) may be taken from a 
patient suspected of having a malignancy. If the btopsy cells are cultured in tf}e three-dimenstonal system of 55 
the inventton, malignant cells will be clonally expanded during proliferatton of the culture. This will ir>crease the 
chances of detecting a malignancy and, therefore, increase the accuracy of the diagnosis. This may be 
especially useful In diseases such as AIDS where the infected populatton of cells Is depleted in vivo . Moreover, 
the patient's culture couW be used in vitro to screen cytotoxto and/or pharmaceutical compounds in order to 
identify those that are most efficacious; Le. those that kiH the malignant or diseased cells, yet spare the nom>al 60 
cells. These agents could then t>e used to therapeutically treat the patient. 

According to the present invention, a relatively smafl volume of bone marrow from a diseased patient may be 
harvested and the patient's bone marrow destroyed by chemotherapy or radlatton. The bone marrow sample 
may then be purged of diseased cells using an appropriate chemotherapeutic agent, expanded in vitro , and 
then readministered to the patient. In additon to allowing a more effective purge by treating smaller volumes of 65 
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diseased marrow followed by expansion in vitro , the three-dimensional culture system can be utilized on larger 
volun>es of purged marrow. A side effect of most purging agents is destruction and disruption of normal 
hematopoietic skin cells, which results in a prolonged time to engraftmem and often patient mortality due to 
secondary infection. One effective purging agent utilized with acute nonlymphocytic leukemia is 
5 4-hydroperoxyoyok) phosphamide (4HC) which causes a two log kill of malignant cells. In tradltk}nal treatment, 
500 ml-1000 ml of diseased marrow Is treated by lncubatk>n of the marrow ex vtvo with 60-100 ng of 4HC/mi, 
Man-ow is then cryopreseved and reinfused into the patient after 2-3 weeks of clink:al chemotherapy. 
According to the present invention, a comparable volume of bone marrow may l^e harvested, purged with 4HC« 
and then expanded in vitro In three-dimensional culture, thereby allowing a more rapid engraftment time and a 
10 decrease in patient mortality. 

In vitro methodok}gi6s have been useful In reducing rejectk>n of cells used for transpfantatlon in both 
animals (bone marrow transplantatk>n in mtee) and hunnans (alk>geneic epidermal grafts). ITie three-dimen- 
sional bone marrow culture can be further used to promote a tolerance of celts to foreign antigens. In this 
regard donor hematopoietk; cells may be grown in ttiree-dlnoenskmal stromal cells from the recipient Such 
f5 cultures may t>e grown in the presence of three-dimensional thymk; cultures which provide additional growth 
factors and differentiation factors which will induce maturatk>n of lymphocytes In the bone marrow system. As 
the hematopoietic cells replicate and mature they will be educated to see the recipient cell antigens as 'self*, 
thereby can be come tolerant to ttiese "foreign" cells. 
Depending upon the intended use for the proliferated cells and tissue, various specialized cells may be 

20 added to the three-dimensional culture. For example, the long term growth of bone marrow cells in the 
three-dimenskxiai cultures may be enhanced by the addition of certain mononuclear cell populations to the 
cultures by the addition of growth factors to the culture medium, or by the use of stromal cells manipulated so 
as to produce a desired growth factor or factors. Cells collected from these cultures may be used for- 
transfuston transplantation and banking. The addition of lymphocytes derived from a patient to 

25 three-dimensk>nal skin cultures may assist in evaluating and diagnosing immunologk^al dsorders, such as 
certain autoimmune diseases. Slmilarfy, the addition of lymphocytes and mast cells dertvsd from a patient to 
three-dimensk>nal skin cultures may assist in evaluating the patient's allergic response to various allergens 
without exposing the patient to the allergens. To this end, tt>e three-dimensional sWn culture containing the 
patient's lymphocytes and mast cells Is exposed to various allergens. Binding of lymphocyte-generated IgE to 

30 resident mast cells, when 'bridged* with the adergen to whk^ the patient is sensitive, will result in the release 
of vasoactive mediators, such as histamine. The release of such mediators tn culture, in response to exposure 
of the three-dimensk>nal culture to an allergen could be measured and used as an irKlk^tk>n of the patient's 
allergic response. This would allow allergy tests to l>e conducted without exposir>g the individual to dangerous 
and potentially harmful allergens. This system could similarly be used for testing cosmetics In vitro . 

35 The three-dimensional culture system of the invention may afford a vehicle for introducing genes and gene 
products in vivo for use in gene therapies. For example, using recombinant DNA techniques, a gene for which 
a patient is defrcient could be placed under the control of a viral or tissue-specific promoter. The recombinant 
DNA constrtict containing the gene could be used to transform or trar^fect a host cell whk^ is ckxied and 
then clonally expanded in ttie three-dimensional culture system. The three-dimensional culture whkih 

40 expresses the active gene product, could be implanted Into an indivklual wtw is defrcient for that product 
The use of the three-dlmenskjnai culture in gene therapy has a number of advantages. Firstly, since the 
culture comprises eukaryotic cells, the gene product will be property expressed and processed in culture to 
form an active product. Secondly, gene therapy techr>jc|ues are useful only if the number of trarisfected cells 
can t>e substantially enhanced to be of clink:al value, relevance, and utiBty; the three-dimensk>nal cultures of 

45 the invention allow for expansion of the number of transfected cells and amplification (via cell dMston) of 
transfected cells. 

Preferably, the expression control elements used should allow for the regulated expression of the ger>e so 
that the product Is synthesized only wtien needed frvvivo. The promoter chosen woukJ depend, in part upon 
the type of tissue and cells cultured. Cells and tissues which are capable of secreting proteins ( e.g. . those 

50 characterized by abundant rough endoplasmk: reticulum arxJ golgl complex) are preferable. To tfws eixJ. Hver 
and other glandular tissues coukl t>e selected. When using liver cells, liver specific viral promoters, such as 
hepatitis B vims elements, could be used to introduce foreign genes into liver cells and regulate the 
expression of such genes. These cells could then be cultured ri the three-dinDensional system of the invention. 
Attemativety. a liver-speciftc promoter such as the albumin promoter coukl be used. 

55 Examples of transcriptional control regions ttwt exhibit tissue speclffeity whteh have been described and 
could be used, include but are not limited to: elastase I gene control region wNch is active in pancreatk; acinar 
cells (Swift et al., 1984, Cell 38:639-646; Omltz et al., 1986, CoW Spring Hartxx Symp. Quant. BioL 50:399-409; 
MacDonald, 1987, Hepatology 7:428-518); insulin gene control region whteh is active in pancreatic beta cells 
(Hanahan, 1985, Nature 315:115-122); Immunoglobulin gene control region wtvch is active in lymphoid cells 

60 (Grosschedl et al., 1984, Cell 38:647-656; Adams et al.. 1985. Nature 318:533-538; Alexander et al.. 1987, Mol. 
Cell. Biol. 7:1436-1444); albumin gene control region which Is active in liver (Pinkert et al., 1987. Genes and 
Devel. 1 :268-276) ; alpha-fetoprotein gene control regk>n which is active in liver (Krumlauf et al.. 1985. Mol. Cel. 
Biol. 5:1639-1648; Hammer et al., 1987, Science 235:53-58); aipha-1 -antitrypsin gene control region which is 
active in liver (Kelsey et al., 1987, Genes and Devel. 1:161-171); beta-globin gene control region whteh is active 

es in myeloid cells (Magram et al., 1985, Nature 315:338-340; Kollias et al.. 1986. CeH 46:89-94); myelin basic 
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protein gene control region which is active in digodendrocyte ceHs in the brain (Readhead et al.. 1987, Cell 
48:703-712); myosin light chain'2 gene control region which is active In skeletal muscle (Shani. 1985, Natura 
314:283-286); and gonadotropic releasing hormone gene control region which is active in the hypottialamus 
(Mason et ai., 1986, Science 234:1372-1378). 

In a further embodinrYent of the invention, three-dimensional cultures may be used to facilitate gene 
transduction. For example, and not by way of timrtation. three-dimensional cultures of fibroblast stroma 
comprising a recombinant virus expression vector may be used to transfer the recombinant virus Into celts 
brought Into contact with the stromal matrix, thereby simulating viral transmission in vivo . The 
three-dimensional culture system is a more efficient way of accomplishing gene transduction than are current 
techniques for DMA tansfection. 

In yet another embodiment of the invention, the three-dimensional culture system could be use In vitro to 
produce biological products in high yield. For example, a cell which naturally produces large quantities of a 
particular biological product ( e.g. , a growth factor, regulatory factor, peptide hormone, antibody, etc.). or a 
host cell ger>etically englr>eered to produce a foreign gene product, could be clonatty expanded using the 
three-dimensional culture system in vitro . If the transformed cell excretes the gene product into the nutrient 
nriedlum. ttie product may be readily isolated from tt>e spent or conditioned medium using starxlard separation 
techniques ( e.g> . HPLC. column chromatography, electrophoretic techniques, to name but a few). A 
'bioreactor* could be devised which would take advantage of the continuous flow mettiod for feeding the 
three-dimensional cultures In vitro . Essentially, as fresh media is passed ttvough the three-dimenskxial 
culture, the gene product will be washed out of the culture ak>ng with the cells released from the culture. The 
gene product could be isolated ( e.g. . by HPLC column chromatography, electrophoresis, etc) from the outflow 
of spent or condittoned media. 

Various sample embodinnents of the invention are described in the sections bebw. For purposes of 
description only, and not by way of limitation, ttye three- dimensional culture system of the invention Is 
described based upon the type of tissue and celts used m various systems. These descriptions specrftoally 
include but are rK>t limited to bone marrow, skin, liver, and pancreas but it is expressly understood that the 
three-dimensional culture system can be used with other types of cells and tissues. The inventk)n Is also 
illustrated by way of examples. whk;h demonstrate characteristic data gef>erated for each system descrit>ed. 



6. THREE-DIMENSIONAL BONE MARROW CULTURE SYSTEM 

The three-dimensional culture of the present inventkxi provkles for the replk^tion of t>one marrow cells in 
vitro , in a system comparable to physiok>gic conditions, importantly, the bone marrow cells replicated In this 
system include all of the cells present in r>ormal bone marrow, assuming all ceH types were present In the 
original bone marrow inoculum used to kiitlate the cultures. 

Although nf)an*ow cells are capable of limited growth when cultured alone, kmg term growth of these 
cultures Is possible only if stromal cells or their secretory products are present. See, Long-Term Bone Marrow 
Culture, D.G. Wright & J.S. Qreenberger, eds.. A.R. Uss, New York, (1984) pp. 141-156. 

In accordar>ce with tt>e invention, bone marrow cells are grown on a three-dimensional support In 
co-cultures with stromal cells comprising fibroblasts (of either fetal or bone marrow origin) or a mixture of cell 
types which comprise the stromal components of normal marrow, including fibroblasts, macropfiages. 
retkuilar celts, and adipocytes. Factors derived from media of splenk; aiKl/or hepatic (liver) macrophage 
cultures or from subsets of stromal cells may optk>nally be added to the culture. The three-dimensk>nal culture 
system of the present Invention appears to maximize the proliferation of muttipotential hematopoietk; stem 
cells wt>ich have the capability of repopulating bone marrow when the bone marrow has been destroyed by 
intrinsk^lly or environmentaHy-mediated disease or by the treatment of such disease with chemotherapy 
and/or radiation. 

Using conventional monolayer celt culture technk^ues, stem cells whk;h have marrow repopulating activity 
(MBA) have been shown to persist and replicate in k>ng term murine bone marrow cultures. In such systems, 
however, mature hematopoietk; ceH expression is limited prinwrlly to the myetoW and monocytoW lir>eages. 
Monolayer cultures of human and r>on-human primate bone marrow cells exhibit a steady declir)e, over time, in 
assayable progenitors (CFU-GM, CFU-GEMM, BFU-E, etc.). The major mature cell expressed by these 
monolayer cultures, as in tt>e murir>e system. Is the granuk>cyte. By contrast, hematopoietic progenitors and 
hematopoietic precursors of all blood cell lineages appear to replk:ate and proliferate in the three-dimenstonal 
stromal system of the present invention. Furthermore, differentlatkm appears to proceed m a physiologk; 
manner. For example, erythrold. myetoid, lymphoid, macrophage, and megakaryocytk; cok)nies can 
continuously arise in the same culture using the systems as taught by the present invention and described 
t>elow. Stem cell replicatk}n in this system can be inferred from the sustained proliferation of committed 
progenitors. 



6.1. OBTAINING BONE MARROW CELLS 
Bone marrow cells used in the inoculum may be obtair>ed directly from the donor or retrieved from 
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cryopreservatlve storage. The cells are first separated from their reticulum by physical means. Accordingty, a 
smaD amount (10-15 cc bone marrow/peripheral blood suspension) may be aspirated from the iliac crest of a 
donor. For purposes of transplantation the results of the process are optimal if: (a) the Individual is under 40 
years of age at the time his/her marrow is taken for culture and/or cryopreservation; and (b) ttie patient is 
5 disease-free ; however, the invention is not limited to these criteria. Methods of aspirating t>one marrow from a 
donor are well known in the art. Examples of apparatus ar>d processes for aspirating t>one marrow from a 
donor can be found in U.S. patents 4,481,946 and 4.486.188. 

If the bone marrow is to be cultured in order to treat certain patients with metastatic disease or 
hematotogtcal malignancies, the marrow obtained from the patients shoukJ be "purged* of malignant cells by 

10 physical or chemotherapeutk: means prior to culturing. At present, physk^al and chemottierapeutlc purging 
methods require a large sample size t)ecause these methods IdN both malignant and normal cells 
nonselectrvely. However, selective methiods are ctirrentty being developed for purglr>g. For example, 
antibodies specifk) for malignant celts are being tested in an attempt to target toxic agents, and specifically kill 
maHgnant cells. Such selective purging methods would be efficient if the sample size is small. The 

15 three-dtmenslona] cutture system of the invention makes this feasible In that a small sample can be purged 
efficiently and the remaining healthy cells expanded. The bone marrow removed from the donor can be 
replk^ated or preserved for replteatlon at a later date. If the bone marrow is to t>e preserved, the bor>e marrow 
can be incrementaily frozen using computerized cryotechnological equipment. For example, fresh 
marrow/blood suspension may be aliquoted in equal volumes into sterile Nunc tubes and placed In a beaker of 

20 crushed tee until the cryopreservatton chamber is brought to a similar temperature (4** C). Immediately prior to 
specimen insertion into the chamber, a solution is added to each Nunc tube using sterile technique, so that the 
cryoprotectants. dimethylsulfoxkje and glycerol, will be present at final concenfratk>ns of about 7% and 5(Vb, 
respectively. The freezing program is initiated Immediately after introductk>n of the specimen. Freezing 
program number 1 on the CryoMed Model Numt>er 1010 controller Is used. 

25 Using this technique, the cellular viability after freezing arxj rapid thawing in an 80° C water bath exceeds 
90<Vb as assayed by the trypan blue exclusion method. In addition, greater than 80<Vb of tt>e original colony 
forming unit culture (CFU-C) may be recovered after freezing. Examples of systems for freezing bone marrow 
and biok>gteal substar>ces in accordarice with a precalcuiated tempemture af)d time curve are diseased In 
U.S. patents 4,107,937 and 4, 11 7,881. Preferably, the bone marrow cells are stored in the liqukl phase of Nquid 

30 nitrogen at a temperature of -196°C at which temperature all cellular metabolk: activity has ceased. 



6.2. ESTABUSHMENfT OF THE THREE-DIMENSIONAL STROMAL MATRIX 

35 Stromal cells derived from t>one marrow suspensions should be separated from ottier marrow components. 
This may be accomplished using any suitable method known in the art. For example, marrow suspensk>ns may 
be centrifuged at low forces, e.g. , 3000 x g for 20 minutes to obtain a white base of ceHs ( i.e. , the "buffy coat") 
containing macrophages, fibroblasts, adipocytes. mor>onuclear biood ceHs, retk>ular cells, endothelial ceils. 
The cells of the buffy coat can t>e suspended m any suitable medium such as RPM1 1640 medium whteh may t>e 

40 supplemented with FBS. HS, hydrocortisone hemisuccinate, and appropriate antit>iotics. 

The cells are then plated onto the three-dimensional matrix. If high concentrations of stromal cells are used 
in the inoculum, the stromal support matrix will achieve the appropriate degree of subconfluerwy in shorter 
time periods. For example, approximately 10® to 10^ stronial cells per ml may be plated onto a 
three-dimensional matrix such as sterile nylon mesh (Tetko Corp. of New York, New York. USA) contained In a 

45 petri dish or other suitable cliamber ( e.g. . Ttter-Tok containers). 

The inoculated mesh is then placed into a culture flask containing an appropriate volume of nutrient media. 
The three-dimensional cultures float, partially submerged t>elow the surface of the media. Tbe cultures may t>e 
incubated at about 35** C to 37" C In about 5<Vo CO2 in ambient air at a relative humWlty in excess of about 90<Vto. 
Stromal cells which are predominantly fibrot>lasts first grow along and completely encircle all of the nyk>n 

50 fibers before t>eginning to grow into the mesh openings. Depending upon the concentratkni of cells used in 
the inoculum, this process may take approximately 5 to 18 days. The degree of subconfluency of tf>e stromal 
cells, should be consistent with that seen in FIQ. 1 prior to the inoculafion of hematopoietic cells. 

Suspended stromal cells growing in the three-dimensional n^atrtx can be cryopreserved using the same 
technique as previously descrit>ed for bone marrow ceHs, For cryopreservation of sub-confluent cells on the 

55 mesh, the nylon mesh may be roiled and inserted into a Nunc tube containing suitable medium such as RPMI 
1640 supplemented with cryoprotectants such as dimethylsulfoxlde and glycerol in f^al concentratk>ns of 
about 50/0 and 15<yo respectively. Freezing of the stromal ceHs on the mesh can be accomplished at initial 
cooling rates of - VC/minute from + 1^*0 to -40° C. A cooling rate of -2 to -3°C/minute is optimum until the end 
stage temperature of -84'' C is achieved. Approximately 20-250/^ of the stromal cells may detach from the nyk>n 

60 mesh during this process. 



6.2.1. ENHANCING THE GROWTH OF MARROW STROMAL CELLS 
66 The primary rate limiting factor in the growth of marrow stromal cells is the relatively low mitotic index of the 
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fibroblasts included among the marrow stromal ceHs. The growth of these cells arxJ their deposition of 
extracellular matrix components may be enhanced by adding hydrocortisone hemisuccinate aiKl/or 
self-regulating growth factors derived from the medium of cultured human fetai fibroblasts which have a high 
rate of cell division. 

Attachment and growth of fibroblasts on the mesh can also be enhanced by: pre-coating the mesh with 
solubilized collagen, types I through fV; or using a mesh which is coated or embedded with collagen secreted 
by fetai human fibroblasts or by aduft fibroblasts (hereinafter referred to as 'growth enharK^ng fibroblasts*) 
which have been subsetted based upon tt^eir ability to synthesize certain collagen types, tn this regard, the 
growth enhancing fibroblasts are tffted by mild trypsinization from the mesh upon reaching confluency (5 to 7 
days for fetal human fibroblasts and 14 to 18 days for aduK fibroblasts respectively) and may either be 
inoculated along with stromal marrow cells as previously described or cryopreserved for future use. 

In one enribodiment of the invention, growth enhancing fibroblasts that are synthesizing collagen ar>d other 
extracellular matrix components are grown on the mesh until they reach subconftuency. A mixture of t>oth 
hematopoietic and stromal bone msurow cells are then Inoculated onto the subconftuent growth enhancing 
fibroblast meshworle 

The methods for growing, subsetting. and cryopreserving growth enfiancing fibroblasts are as follows: 

(a) Culture of Growth Enhancing Fibroblasts . Any suitable method may be used to culture growth enhancing 
fibroblasts. For example, fibroblasts may be grown in suitable medium such as RPM1 1640 supplemented with 
2-10<Vb FBS or 2-10(Vto IHS to which 1 ^g/ml hydrocortisone hemisuccinate arid antibiotics such as 2 jig/ml 
gentamycin, penlcilHn, streptomycin and fungizone have been added. Cultures may be grown at about 5^ CO2 
In ambient air at 35*" C to 37^*0 with a relative humidity in excess of at>out 90^. 

(b) Subsetting Growth Enhancing Fibroblasts . A number of methods may be used to subset growth 
enhancing fibroblasts. For example, about 5.0 x 10^ fibroblasts derived from the buffy coat of a bone marrow 
suspension, dermal f]t>roblasts, or fibroblasts derived from cadaver livers may be plated onto mtcrotiter wells 
(1 mm^) and grown to confluency. These cells may be lifted from the culture by repeated washlr>gs, usually four 
to five times with Hank's t>alanced salt solution without Ca** or Mg**. The matrix remaining on the microtttar 
plates can be examined by indirect Immunofluorescerice utilizing monoclonal antitxxiies to various matrix 
components visualized by direct or indirect labels. For example, the binding of unlat>eled murine IgG 
monoclonal antibodies specific for a particular matrix component can be visualized using enzyme-labeled or 
fluorescein isothiocyanate-lat)eled rabbit anti-mouse Immunoglobulin G to ascertain the collagen typ>es 
present. A negative selection may then t>e accomplished by a number of tecniques. For example, the 
suspended celts may be treated with a monoclonal antibody of an isotype that is capable of activating 
complement ( e.g. , IgG, IgM, etc.) and which defines a particular matrix component ( e.g. . collagen types I 
tf^rough IV, elastin, tropoelastin. or fibronectin) to isolate sub-populations of cePs capable of synthesizing each 
product. If tt>e cells are then treated with guinea pig complement, those cells to which monoclonal antit>ody is 
bound wilt be damaged or destroyed. The viable cells remaining In the sample can be re-plated onto microtiter 
wells as previously descrit)ed, grown to confluency, arKi lifted. The efficiency of the isolation technique may be 
verified by examining the matrix secreted by the surviving cells with appropriate monoclonal antibodies 
visualized by direct or Indirect labeling techniques. 

For optimal growth of hematopoietic cells, the initial matrix should contain collagen types HI, IV and 1 in an 
approximate ratio of 6:3:1. 

(c) Cryopreservation of Growth Enhancing Fibroblasts . Growth enharwing fibroblasts can be cryopresen/ed 
using the same techniques as previously described for stromal cells. Like the stromal cells, some of the 
growth enhancing fibroblasts will also detach from the mesh during freezing. This matrix, however, still 
contributes to the attachment of marrow stromal cells and therefore diminishes the time required for the 
establishment of a matrix conducive to hematopoietk) ceH growth. 

6.3. INOCULATION WITH HEMATOPOIETIC CELLS 

Bone marrow cells are suspended in an appropriate nutrient medium ( e.g. , BPMl/1640 supplenDented with 
FBS. HS, hydrocortisone, af>d appropriate antibiotics could be used) inoculated onto the three-dimenstonal 
stromal support. These cells may either be fresh or derived from a forn>erty cryopreserved sample wtilch has 
been rapidly thawed, for example, in an 80"* C hot water bath. A suitable concentratkxi of cells are Inoculated 
onto subconfluent stromal ceH meshworks. For example. 10^ to 10' cells can be {rKx;ulated onto the 
three-dimensional stromal matrices in 25 mm^ plastic cuHure flasks and grown at about 33" C to 34' C and 5*Vo 
COz in ambient air. The relath^ humidity of these cultures should be In excess of about 9Cfi/o. After 3 days, the 
culture temperature shouW be raised to alwut 36** C to 37* C. 

In general, hematopoiette cells will grow in the natural pockets formed by the subconfluent stromal cells and 
the progenitor cells will renrtain in the adherent layer of cells. The adherent layer are those cells attached 
directly to the mesh or those connected indirectly by attachment to cells that are themselves attached directly 
to the mesh. Although hematopoietic colonization ocurs rapkJly, stromal seeding appears to be the rate 
limiting step for hematopoiesis, since the hematopoietic cells from the Inoculum seed mainly those areas 
where a stromal support matrix is present. Cok>nizatk>n occurs in the natural Intersttees formed by the partially 
developed stromal layers and is also seen on the outermost surface of the matrix. The surface cotonles are 
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somewhat smaller than ttiose in the matrix and appear, at times, to be part of the non-adherent zone, ActuaJty. 
they are loosely attached and remain after feeding. These ceils, wt^lch are also found consistently in morralayer 
type LTBMC. have been termed the •pseudo-adherent layer' (Coulombel et al.. 1983, Blood 62:291-297), 

After 4 to 5 days, mature granulocytes, mononuclear cells, and erythrocytes appear in the norvadherent 
5 layer as observed by cytospin preparation. After 7 to 10 days, numerous hematopoietic colonies can be 
observed in the interstices of the mesh and are morphotogically consistent wHh CFU-C, mixed colonies, and 
lymphoid colonies. Megakaryocytic growth Is limited but may be observed in tNs matrfoc as well. An average 3.6 
cm^culture will produce 460 to 960 CFU-C per week. 

Cultures which consist of stromal ceHs and hematopoietic cells derived from the same IndMdual 
10 (autologous) should be fed twice weekly. Cultures whk:h consist of a patient's bone marrow which has been 
inoculated onto a stromal cell meshwork derived from another jndividuaJ(s) (alk>genefc) shoukJ be fed three 
times per week to insure adequate depopulation of mature immunocompetent cells from the non-adherent 
layer. 

IS 

6.4. LONG TERM GROWTH OF THREE-DIMENSIONAL BONE MARROW CULTURES 

Optionally, the three^imensional bone ma/row cultures may be inoculated wHh mononuclear cells in order 
to enhance long term growth. Peripheral bk>od mononuctoar celts can be prepared from a heparinlzed 

20 suspension using Rcoll-hypaque or PercoH. PerfpheraJ blood cells and bone marrow hematopoietk: ceNs 
should preferably be derived from the same individual (autologous). These may be obtained via venipuncture 
and cryopreserved at the time the bone marrow specimen is taken. Additional peripheral blood ceHs couki t>e 
procured from the diseased patient if needed durir>g the cutturing procedure. However, if metastatic disease is 
suspected, the sample should first be subi'ected to purging, as mentioned previously. The mor>onuclear cells 

25 can be inoculated onto the three-dimensional culture soon after the lr>oculation of bone marrow cells. For 
exampie. 5 x 10* to 10^ mononuclear cells (the monocyte subpopulation Is the preferred ceH type within the 
mononuclear cell layer for this step) can be inoculated onto meshworks 4 to 6 days after the initial inoculation 
with bone marrow hematopoietic cells and every third week thereafter. This procedure may enhance 
hematopoiesfs by 10 to 13(Vb as observed on a weekly basis. 

30 In our experience, confluent stromal cell cultures will not, or at t>est, will only poorly support hematopoiesis. 
Indefinite growth of human hematopoietic progenitors is possible if they are provkled with tt\e r>ecessary 
stromal-denved growth/regulatory factors. The three-dimensk^nal culturirtg system of the present inventk>n 
allows for the stromal cells to maintain a subconfiuent state and thus, produce the factors necessary for 
hematopoiesis over long tin>e perk>ds. However, the time period can be prolonged by furttier manipulatk>ns of 

35 the three-dimensional culture system. 

For example, ttie initial narrow sample may be divided into a number of aliquots, each containing 
approximately 10^ hematopoietic cells. Each of these is inoculated onto a subconfiuent stromal cell 
meshwork. The cultures may t>e monitored by direct observation with an inverted phase microscope and by 
differential counts of tt>e non-adherent cells as seen on the cytospin preparatkHi of spent media after each 

40 feeding. Prior to reaching confluency, the cultures are treated with cdlagenase ar>d placed under mikl 
ultrasonication for approximately 6-10 minutes. Hematopoietic eels and stromal cells dissociated from the 
culture can be fractlor>ated by, for example, density gradient methods. The hematopoietic cells can t>e counted 
using a hemacytometer and approximately 50*%) cryopreserved using mettvods described previously. The 
remaining SO^Vb of tt)e hematopoietic cells can be divided into aliquots consisting of approximately 10^ cells 

45 each, and can be inoculated onto subconfiuent stromal cell cultures wtiich have been staggered and grown in 
parallel. When these begin to reach confluency, the sanrte procedure may be repeated. This technique: (a) 
perpetuates the growth of hematopoietic cells by provicfing a mk^roenvironment which produces the required 
growth factors and, (b) forms a continuous t^ank where hematopoietic progenitors may be deposited until ihe 
numbers suitable for engraftment are achieved. 

50 

6.5. MODULATION OF HEMATOPOIESIS IN THREE-DIMENSIONAL LONG-TERM BONE MARROW CULTURE 

The various cellular components of human marrow can t>e subcuttured in the three-dimens(or\al system as 
55 separate cultures. Macrophages, reticular cells, adipocytes, and fibroblasts may be grown separately ar>d their 
secretory activity modified by treatment with various agents. Modulation of fibroblast activity has t>een 
described previously. 

Hematopoiesis in long-term human marrow cultures on the three-dimensior^al meshworic may also be 
modulated by secretkwis of extramedullary macrophages (Kupffer cells) wfwn grown in culture in the following 

60 manner. Kupffer cells can be separated from their organ stroma by, for example, pronase digestion. Briefly, 
tissue specimens may be incubated for 1 hour In pronase solution [0.2% pronase (Calbiochem) and Geys* 
Balanced Salt Solution (BSS)l while being gently agitated. The pH of the solution should be maintained at 7.3 to 
7.5 using, for example, IN NaOH. Deoxyribonuclease (0.5 mg; Calbiochem) Is added at 30 minute intervals 
during the above procedure and the resultant cell suspensk)n is filtered and centrifuged at 350 x g for 10 

65 minutes. The pellet may be resuspended in Geys' BSS and the littoral cells (macrophages and endothelial 
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cetts) can be separated from the cellular debris and mati^e btood celts using a Percoll (Pharrnacia) gradient. 
The resultant cell fraction should be washed three time for three minutes each using, for example, a noodrfied 
Dufbecco's medium enriched with 104b fetal bovine senim. and plated onto p)lastic culture dishes at a volume 
containing atjout 3 to 4 x 10* ceHs. 

After Incubation for 1 day. the non-adherent celts are removed by washing with the culture n^lum and the 
adherent ceds can t>e maintained at 33'' C in a gas mixture consisting of about 6(Vb CO2 in room air at a relative 
humidity in excess of atx)ut 80(Vq. The growth and/or secretory actrvrty of these cells can be stimulated by: (a) 
varying the CO2; O2 ratio, (b) treating the cultures with latex beads, (c) treating the cultures with siKca, (d) 
adding prostagtadln £2. Ei or fza to the medium, and, (f) supplementing the nnedium with interleukln 1 or 
interleukin 2. Macrophage secretory products may be modulated fay these procedures/agents. 

The medium conditioned with the secretory products of ttiese macrophages may be used to modulate the 
long-term bone marrow culture erythropoietic/granulopoietic ratio. 



6.6. USES OF THE THREE-DIMENSIONAL BONE MARROW CULTURE SYSTEM 



6.6.1. TRANSPLANTATION 

The three-dimensional bone marrow cultures of the present invention may be used for treating diseases or 
conditkms which destroy healthy bone marrow cells or depress their functional ability. The process Is effective 
especially in the treatment of hematological malignar>cies and other neoplasias which metastasize to the bone 
marrow. This aspect of the invention is also effective in treating patients whose bone marrow has been 
adverse^ affected by environmental factors, { e.g. , radiation, toxins etc.), chemotherapy and/or radiation 
therapy necessitated by a disease which does not directly affect the bone marrow. In ttwse cases, for 
example, bone nriarrow cells from a healthy patient can be removed, preserved, and then replicated and 
reinfused should the patient develop an illness which either destroys the bone manrow directly or whose 
treatment adversely affects the marrow. 

The three-dimensional culture system of the present invention has several advantages to a patient in need of 
a bone marrow transplant If the patient Is receiving his or her own cells, this Is called an autologous transplant; 
such a transplant has little likelihood of rejection. Autologous trar^splants eliminate a major cause of bone 
marrow transplant rejection, that is, the graft vs. host reaction. If the marrow contains malignant or diseased 
cells, small samples It can t>e more effectively purged when using the three-dimensional culture system of the 
invention. As previously explained, selective methods for purging malignant or diseased ceHs would work best 
In small volumes of bone marrow cells. Tlie ttiree-dimensional culture system described herein makes this 
feasible. Accordingly, a small sample obtained from the patient can t>e more effk:lentfy purged using a 
selective method that kills malignant cells yet spares healthy cells. The remainir>g healthy cells can then be 
exparKted consWerably using the three-dimensional culture system of the invention. In addltkm. the process of 
the present invention aJk^ws more aggressive treatment of neoplastk; disorders with chemotherapeutk: agents 
and radiation. Presently, the extent of ttwse treatments is often limited by bone nwrrow toxicity. 



6.6.2. MONfTOBING A PATIENT'S CONPmON 

In a patient with cancer or other diseases, It is often efficacious to monitor the patient's condition by 
aspirating a portion of the patient's bone marrow arKi examining the sample. In tNs manner, a metastasis or 
recurrence may be detected before It is clinteally obvious. Patients wfth other conditkins that are detectable by 
examining bone nDarrow cells may also t>e monitored in this way. 

Usktg the three-dimensk>nal system of the present inventk)n, the k>ng-term growth of cells derived from an 
aspirated t>one marrow specinten whtoh has not been purged enhances the likelihood of the detection of 
clonal metastatic cells and hematopoietk: cells with chromosomal abnormalities. Such celts wouki be clonaify 
expanded in the three-dimenslor^ culture system of the Inventkin arKl. thus, would be more easily detected. 
These cells may escape detectkKi in a conventional smear of freshly aspirated (uncultured) bone marrow. 



6.6.3. SCREENING COMPOUNDS 

The cytotoxteity to bone nuirrow of pharmaceutk^als. anti-neoplastic agents, carcinogens, food additives, 
and other substar>ces may be tested by utilizing the in vitro bone manrow replication system of the present 
invention. 

First, stable, growing cultures of IxDne manrow cells (including t>oth stromal and hematopoietic cells) are 
established. Then, the cultures are exposed to varying concentrations of the test agent. After incubatk»n with 
the test agents, the cultures are examined by phase mksroscopy to determine the highest tolerated dose 
(KTD) - the concentration of test agent at which the earliest morphological abnormalities appear. Cytotoxicity 
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testing can be performed using a variety of supravital dyes to assess cell viability In this three^fmenskxial 
system, using techniques weH-known to those skilled in the art. The HTD determination provides a 
corK>entration range for further testing. 

Once a testing range Is established, varying concentrations of the test agent can be examlr>ed for their 
5 effect on viability, growth, ar>d/or morphology of the different celi types constttuting the bone marrow culture 
by means well known to those skilled in the art. 

SImitarty, the beneficial effects of drugs may be assessed usir>g the three-dimensional culture system fn 
vitro ; for example, growth factors, hormones, drugs which er)hance red bk>od cell formation, etc. couki be 
tested. In this case, stable growing cultures may be exposed to the test agent. After incut>atk>n. the cultures 
10 may be examir)ed for viability, growth, morphology, cell typing, etc. as an lndk;atk)n of the effk^acy of tt^e test 
substarKe. Varying concentrations of the drug may be tested to derive a dose-respor>se curve. 

Other three-dimensk>nal celt culture systems as disclosed In the present irtvention nvay be adopted for use 
in cytotoxk^rty testing and screening drugs. An example of the use of three-dlmensk>nal t^one marrow culture 
in cytotoxic!^ assays is presented in Sectk^n 18. Infra . 

15 

7. THREE-DIMENSIONAL SKIN CULTURE SYSTEM 

The three-dtmervsiona) cufture system of the present kivention provkles for the replk^tk)n of epidermal and 
20 dermal elements in vitro , in a system comparable to physk>k>gk: condittons. Importantly, the cells whk;h 
replicate in this system segregate properly to form morphologicalty and histotogk:a9y normal epidermal and 
dermal components. 

The use of a three-dimensk)nal co-cuttured system for the growth of epklermal and dermal cells has many 
advantages over currently used monolayer systems. This model aiktws normal ceU-ceii tnteractlor^ arxJ ttie 

25 secretion of natural growth factors, and the establishment of a conr>ectfve tissue network virtually kientical to 
that fourxl in vivo ; In particular, the stromal cells elaborate type-specifk; and species-specific coKagen. The 
resulting completely removable meshwork can be transplanted, cryopreser^ed. or used as a target tissue in 
cytotoxicity and drug mechanism studies. In addltton. this nrKxiel alk»ws for the growth of fibroblasts ak>n6 to 
torn a dennal equivalent, or of fibroblasts along with keratinocytes arid melanocytes for a fuli-tNckness skin 

30 equivalent. All the cells in this three-dimer>sk>nal system renDain metaboUcally active and undergo mitosis, a 
major advantage over many other models. 

The three-dimensk)rYal skin culture of the invention has a variety of applrcations ranging from its use as a 
substrate for screening compounds, transplantation and skin grafting, and tt>e study of skin diseases ar>d 
treatments. For example, the need for thorough testing of chemicals of potentially toxic nature Is gerierally 

35 recognized and the need to devek^p sensitive and reproducible short-term in vitro assays for the evaluatkxi of 
daigs, cosmetics, food additives, arwi pastteldes is apparent. The three-dlmensk>nal sWn model described 
herein permits the use of a tissue-equivalent as an assay substrate and offers the advantages of rK)rmal cell 
interactions in a system that ctosely resembles the in vivo state. 
The need for a skin replacement for bum patients is also evklent. Several centers in the United States and 

40 Europe have utilized cultured human keratlnocyte allografts arKf autografts to permar)entty cover the wour>ds 
of burns and chronic uteers (Eisinger et al., 1980. Surgery 88:287-233; Green et al.. 1979, Proc. Natl. Acad. Scl. 
USA 76:5665-5668; Cuono et al.. 1987. Plast Reconstr. Surg. 80:626-636), These nDethods are often 
unsuccessful and recent studies have ir>dicated that blistering arKl/or skin fragility in the healed grafts may 
exist because of an abnormality in one or more connective tissue components formed under the transplanted 

45 epedennal layer (Woodley et al.. 1988, JAMA 6:2666-2571), The three-dimensional skin culture system of the 
present invention provides a skin equivalent of both epklermis aiKl dermis arxl should overcome prot)lems 
characteristic of currently used cultured keratlnocyte grafts. In addition to cytotoxicity and skin replacement, 
the ttiree-dimensfonal skin cultures have applicability to many flekls of industry including use as a model for 
studying skin diseases arid developing new drugs and treatment modalities, and as a source of r>aturally 

50 secreted pharmacok^gic agents. 



7.1. ESTABUSHMENT QF THE THREE-DIMENSIONAL STT^OMAL SUPPORT AND FORMATION OF THE 

DERMAL EQUlVALEf^ 

55 

The inoculation of tibrobiasts onto the three-dimensional matrix arxJ their growth to sutK:onfluence leads to 
(he formation of a denmal equivalent. In a preferred emlXKliment of the irwention, the fibroblasts are alowed to 
continue to proliferate untH tf»e entire growth substrate is covered; it shoukl l>e pointed out that even after the 
fibroblasts have reached confluency. the fibroblasts continue to divkle t>ecause the three-dimensional culture 

6o permits the exit of cells, thereby preventing contact Inhibrtion. AltfK)ugh any fit>roblasts may be utilized in the 
inoculum, it is advantageous to use skin fibroblasts, as these will deposit tt>e appropriate types of collagen and 
eIat>orate other dermal components. Fibroblasts may be allogenek: or autologous. Skin fibroblasts may be 
readily obtained from cellular suspensions prepared by mechank:al and/or enzymatic disaggregation of dermal 
tissue. When the cellutar suspension obtained Is plated, the fibroblasts will adhere more quickly than other 

65 cells, anc^thus. can be grown to confluence, lifted by mild enzymatic treatment and inoculated onto the 
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three-dimensionaJ matrix as previously described. 

Once inoculated onto the ttiree-dimensional matrix, adherence of the fibroblasts is seen quickly ( e.g. , within 
hours) and the fibroblasts begin to stretch across the matrix openings within days. These fibroblasts are 
metabolically active, secrete extracellular nrtatrix and rapidly form a dermal equivalent consisting of active 
fibroblasts and collagen. Approximately 6OO/0 conftuency of the fibroblasts on the three-dimensiorud matrix is 
required to support the growth of epidermal cells later inoculated. 

While the use of fibroblasts alone is sufficient to form a three-dimensional stromal nnatrix that functions as a 
dermal equivalent, addttionaJ types of stromal cells may be used to inoculate the three-dimensional matrix. 
These include, but are not limited to endothelial cells, pericytes, macrophages, monocytes, lymphocytes, 
plasma cells, adipocytes, etc. 



7.2. INOCULATION OF THE DERMAL EQUIVALEm- WITH ERDERMAL CELLS 

in order to culture full thicKness sKin, Le., comprising both an epidemial and dermal layer, epidemnaJ cells 
should t>e inoculated onto the dermal equivalent To this end. melanocytes and keratinocytes may be 
inoculated simultaneously, or preferably, in sequence. For example, keratinocytes can be inoculated onto 
subconfluent melanocytes wtilch were previously Inoculated onto the stromal matrix. 

MelarK>cytes and keratinocytes may be allogenek; or autologous in their relatlonsf>ip to fibroblast stromal 
cells, can be isolated from skin using known procedures whk^ involve incut}atir>g skin in a digestive enzyme, 
such as trypsin, in order to separate dermal and epkSermal layers. 

For example, and not by way of limitation, keratinocytes and melanocytes may be isolated as follows. A 
tissue sample, e.g. foreskin, may be trimmed so that the entire surface may be easily exposed to antibk>ttcs. 
Tissue may be frst washed in a concentrated antibk>tic solution for twenty minutes, followed by two 
subsequent washes of ten minutes each. The outer portion of the tissue may then be cut into small pieces, and 
then placed in a 0.15Gb% trypsin solution (in PBS without calcium or magnesium). quk:kty removed, placed m a 
fresh container of tt>e same trypsin solution (such that all the tissue Is covered by solution), and refrigerated 
overnight at about 2**C-6**C. The next day, the tissue pieces may be renwved from the trypsin solutkMi. and the 
epidermis separated from the dermis using curved forceps. The epkjermis may be placed in a cortk:al tube, 
and about 0.15 percent trypsin in PBS (without cak;ium or magneskjm) may be used to digest the tissue Into a 
single cell suspension; to facilitate this process, the sample my t>e repeatectfy aspirated Into and out of a 
Pasteur pipette. When ttie sample appears to be a single cell suspension, it may be centrifuged at 1400g for 
about 7 minutes and then resuspended in either growth media or in growth media containing 0.01 mg/nr>l PMA. 
wt>ich selects for melanocytes. Accordingly, cultures of keratinocytes or melanocytes may be produced. The 
epktermal cells can be suspended and used to inoculate the dern^al equivalent. Alternatively, the epidermal cell 
suspension can l:>e plated and melanocytes arxj keratinocytes separated based upon tfieir differential 
attachment qualities. Isolated melanocytes nruiy first be inoculated onto the denml equivalent and allowed to 
grow for a few days prior to inoculation of keratinocytes. This "tissue" grows rapidly and can be n>alntained in 
nutrient media without exogenous growth factors. 

A disadvantage of all skin replacements involves the lack of hair follicles and sweat and sebaceous glands in 
the transplanted area. This deficiency results in Ibe inability of the patient to regulate temperature normally and 
causes the patient to have severely dry skin and pant uncontrollably. To help alleviate this problem biopsies 
may be removed from unaffected areas of skin and implanted into the dermal equivalent By strategkxUty 
locating these btopsies follicles and associated glarKis may be introduced Into the transplant site. Bk)psies 
may range in size from preferably atxxit 4 cm to 8 cm and may be removed by a standard Baker's pur>ch. 
Equivalent sized bk>psies may tfien be removed from the denmai transplant and replaced with 
follicle-containing implants, thereby creating a transplanted site whteh is histok>glcally normal and functionally 
similar to norrrial skin. 

By way of example, and not by limitation, a three-dimensiorial skin cell culture system may be produced as 
follows: 

(a) fibroblasts are allowed to attach to a mesh and grow for about 7-9 days to achieve subconfluence 
and deposit collagen types I and III, as described previously In regard to the growth enhancing fibroblast 
used in the in vitro bor>e marrow replk^atkx) system; 

(b) melanocytes are plated onto the stromal mesh and are allowed to grow to subconfluence for 
about 5 days; 

(c) keratinocytes are inoculated onto subconfluent melanocytes. 

In a preferred embodiment of tt>e invention, a three-dimensional skin ceN culture system may be produced 
asfoltows: 

(a) fibroblasts are allowed to attach to a mesh and grow for about 14 days to achieve confluence and 
deposit collagen types I and III; 

(b) melanocytes are plated onto the stromal PDesh and are allowed to grow to subconfluence for 
aboutS days; and 

(c) keratinocytes are inoculated onto subconfluent melanocytes. 

In partkxilar embodiments of the inventk>n, for example, and not by way of limitation, in burn patients, it may 
be advantageous to provWe a covering for the wound shortly after injury; in such a situation a 
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three-cfimensfonal cell cutture accofding to the invention consisting largely of fibroblasts and corresponding to 
the dermis (and hitherto referred to as the neodermis) may be placed over the wound, and melanocytes and 
keratinocytes nruiy subsequently be applied. The neodermis may comprise ceHs autologous or allogeneic to 
the patient. EpJdermaJ cells may be aflogenelc or, preferably, autologous to ttie patient. Ihe present invention 
5 includes the implantation of a living, growing neodermis to which epidermal cells may be added in vtyo or in 
vitro; altemativety» a patient's own cells may be allowed to populate the transplanted neodermis. 



7.3. MORPHOLOGICAL CHARACTERIZATION OF THREE-DIMENSIONAL SKIN CULTURE 

fO 

Morphological characterization of the three-dimensional stroma indicate that the fibroblasts inoculated onto 
the matrix stretch across the openings, exhibit matrix deposition, and migrate into the interstices of the mesh. 
FIQ. 1 Illustrates the ability of the fibroblasts to arrange themsetves into parallel layers between the 
naturaly-secreted collagen burKlles. These fibroblasts exhibit a rapid rate of cell division and protein 

15 secretion. Melanocytes will grow normalty in the three-<iimensional system in that tt^ exhibit dendrite 
formation, remain pigmented and retain the ability to transfer pigment (see FIQS. 6 through 8). 

Full ttUckness skin can be grown in a variety of ways allowing an air interface. Exposure of the keratinocytes 
to air promotes a more rapid differentiation of keratiriocytes and more extensive secretk)n of keratin layers, 
whk^h may t>e very important In skin per>etratk>n studies. 

^ A major advantage of this cell cuituring system over others currently empk>yed in dermatological research 
and engraftment studies is that the fibroblasts in the three dimensional matrix« eltfier subconfluent or 
confluent, as described supra , remain metabolk^ally active and secrete natural growth factors and naturally 
occurring collagen types I and III. The normal metat>olk; activity of ttiese cells makes this system partk^ularty 
advantageous for use in cytotoxk^ity assays as weH as in the study of disorders whkih affect collagen secretion 

25 directly, or in which an interplay t>etween dermal and epidermal cells results In pathological alteratkx^s 
consistent with the disease. 



7,4. TRANSPLANTATION IN VIVO 

30 

For purposes of transplantation or engraftment It Is preferable to use three-dimensior>al matrices 
constructed of bk^degradabte materials, e.g. , catgut suture, gelatin, etc. These permit aU the advantages of a 
three-dimenstonal system but alk>w a transplanted 'tissue* to remain intact while the mesh Is naturally 
degraded and absorbed by the body and replaced by normal cells migrating Into the area. 

35 To form the three-dlmenskjnal stromal matrix, it would be preferably to utilize sWn fibroblasts obtained from 
the patient who Is to receive the graft. Attemattvely, fetal fibroblasts or a mixture of fetal fibroblasts and the 
patient's fibroblasts may t>e used. However, according to ttie invention, fibroblasts from autologous, 
allogeneic, or xenogeneic source may t>e used; Example Section 19 illustrates a specific embodiment of the 
invention in which hunruin fibroblasts are cultured according to the invention, implanted and successfully 

40 grafted into pig. More importantly, however, the later inoculated epkfermaJ cells may t>e advantageously 
derived from the patient in order to mlr^mize the risk of rejection of the graft. 

In an alternate embod^nt of this aspect of the inventk)n, the three-dimensiortal stromal support matrix 
whkih forms the neodermis can itself be engrafted onto the patient* s wound. In this instance, the patient's own 
epidermal cells In the wound area will invade the stromal matrix and proliferate on the stromal matrix In vivo to 

45 form full thk)kness skin, le., t)oth epklermal and dermal layers. Alterrwtlvely. epidermal cells may be seeded 
onto the neodermis, or sheets of epidernuU cells nftay be applied. Where large wound areas are to be covered, 
(t may be preferred to engraft the complete three-dimensk>nal ^in culture, or to use combinations of both 
neodermis and full-thfckness sWn cultures. For example, neodermis couW be engrafted at the edges of the 
wound, and full thk^kness cuHures In central areas of the wound, to enhance growth and healing and minimize 

SO scar formatfon. 



7.5. IN VITRO USES OF THE THREE-DIMENSIONAL SKIN CULTURE 

55 The three-dimensk^nal skin cultures can be maintained In vitro and used for a variety of purposes, including 
screening compounds for toxk:ity, the study of ttie mechar>ism of drug action, the study of skin disorders and 
disease, etc. 

The three-dimensional skin culture coukl be used as a substrate to test the cytotoxfcity of compounds and 
other substances. For example, for use in cytotoxtoity assays, human ceHs coukj be grown onto meshes wfwch 

60 could t>e cut into 6mm disks, places Into 96-wetl flat bottom tissue culture microtest plates, and fed with 
appropriate medium. The test substar^ce could tt>en be added to each sample. The test substance could be 
advantageously applied by limiting dilution technique, in which case, a range of concentrations of the toxk: 
substance can be tested. Each tissue type may be represented by three rows of meshes in order to provide 
data in triplicate. A properly controlled assay couW be run as foltows: mesh alone; mesh inoculated with 

65 fibroblasts; mesh inoculated with fibroblasts and keratinocytes; mesh with fibroblasts ar>d melanocytes; ar>d 
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mesh inoculated with fibroblasts, melanocytes and kerattnocytes. Chemical agents can be added to each of 
these substrates and Incubated, e.g. for 24 hours. The cytotoxic effect of such substances can be evaluated in 
a number of ways. For example, a convenient method, the well known neutral red assay, could be adapted for 
use in this system. To this end, after removal of the medium, each well nr^ay be rinsed before adding a OAo/o 
aqueous.stock solutkxi of neutral red dye. After vark)us time intervals the dye ts removed and cells are rapidly 
washed with 4,00^ formaldehyde, I.O^Vb CaCl2. After about 20 minutes, the amount of dye present in eacf^ 
tissue sample can be measured by reading absorbance wHh a Dynatech microplate reader equipped with a 640 
nm filter. The anKXJnt of vttal dye absort^ed Is directly proportional to the number of viable cells present in each 
well. The readings can be averaged and the results expressed as absort>ance observed t>asellne levels in 
control cultures. 

Recent studies have indk^ated that the skin is an Integral and active element of the immune system (Cooper 
et al.. 19B7, The mechanobuHous diseases. In: Dernruitology in Genera) Medk;ine, 3d. Ed., McGraw H0I. NY, 
pp.61 0-626). Or>e of the major cells in the skin whk:h Is responsible for various immune activities Is the 
Lar^gertians celt. These cells may t>e prepared from fresh skin samptes arxj added to the three-dimerislonaJ 
skin culture to produce an immunok>glcally complete tissue system. Growth of these cells in the culture for 
k>ng periods of time by conventtor^al tissue culture technk)ues is difficult. The ablKty to grow these ceQs in a 
three-dimensional system would t>e of great lmportar>ce in al aspects of study including engraftment, 
cytotoxicJty. and disease mechanisms. This type of skin culture system would have the greatest impact on 
research Involving auto-Immune disorders which have direct or indirect cutaneous invotvenDent (lupus 
erythematosis, bulk)us pemphigoid, etc.). 

As explained prevkxjsly, the three-dlmensiorud skin culture coukl also be used to test for sensitivity to 
allergens. For allergy tests, the skin cultures coukl be kx>culated with lymphocytes (or plasma cells) arKi mast 
cells derived from a patient. Exposure of the culture to an allergen wf)jch 'bridges" IgE antibodies (produced 
by the lymphocytes) bound to resident mast cells wouki result In In the release of vasoactive mediators such 
as histamirie by the mast cells. The release of histamine In the culture could be measured and con'elated with 
the person's allergic response to the test allergen. 



6. THREE-DIMENSlOhtAL UVER TISSUE CULTURE SYSTEM 

Hepatocytes n^y be isolated by conventional methods (Berry and Friend, 1969, J. Cell Biol, 43:506-520) 
which can be adapted for human liver biopsy or autopsy material. Briefly, a canula Is introduced into the portal 
vein or a portal branch and the liver is perked with cak:ium-free or magnesium-free buffer until the tissue 
appears pale. Tlie organ Is then perfused with a proteotytk: enzynr>e such as a coUagenase solution at an 
adequate flow rate. This should digest the connective tissue framework. The liver Is then washed In buffer and 
the cells are dispersed. The cell suspensk>n may be filtered through a 70 ^m nylon mesh to remove debris. 
Hepatocytes may t>e selected from the cell suspensk>n by two or three drfferential centnfugations. 

For perfusion of individual lobes of excised human liver, HEPES buffer may be used. Perfuston of 
coNagenase In HEPES buffer may be accomplished at the rate of about 30 ml/minute. A single ceH suspension 
is obtained by further incubation with cdtagenase for 16-20 minutes at 37** C (Guguen-GuiHouzo and Guillouzo. 
eds, 1986, 'Isolated and Culture Hepatocytes" Paris, INSERM. arvJ London. John Ubl>ey Eurotext, pp.1-12; 
1982. Cell Biol. Int. Rep. 6:62S628)- 

The isolated hepatocytes may then be used to Inoculate the three dinr)ensk}nal stroma. The irxx^ulated 
stroma can t>e cultured as descrit>ed for bone-marrow ar>d skin in order to replicate the hepatocytes in vitro , in 
a system comparable to physk}logic condltkKis. TNs should result in an increased functional expression by the 
hepatocytes. 

Liver cultures maintained in this fashion may be utilized for a variety of purposes includlr>g cytotocity testing, 
screening drugs, etc. In one embodiment, three-dimensional liver cultures could be used to screen for 
cardnoger>s and mutagens ki vitro . More partteutarty, it Is welt known that a numt>er of compounds fail to act as 
mutagens in test organisms such as bacteria or fungi, yet cause tumors in experinr^ental animals such as mk:e. 
This is due to metat>olk: activation; Le., some chemicals are metabolk^alty altered by enzynrfes in tt)e liver (the 
P450 oxidase system and hydroxylatk)n systems) or other tissues, creating new compounds that are to\h 
mutagenk: ar>d carcinogenic. In order to ktentify such carcinogens. Ames and his co-workers devised a 
screening assay whk^ involves incubatk)g the chemk^ con>pound with liver extracts prk>r to exposure of the 
test organism to the metabdte product (Ames et al,, 1975, Mut. Res. 31:347-364). While a more sophisticated 
approach, tf>e Ames assay still lacks sensitivity. By contrast, tf>e three-dimensk)r>al Uver cultures can be 
utilized both as the metat>olk: converters and the "test organism* to detenmine the mutagenfclty or 
carcinogenicity of the substance t>elng tested. 



9. THREE-DIMENSIONAL MODEL SYSTEM FOR THE BLOOD-BRAIN BARRIER 

According to the invetnion, a three-dimensional tissue culture model system for the bk)od-brain barrier may 
be produced. Briefly, this three-dimenskxial culture recreates the endothelial cell barrier which separates the 
central nervous system from the bloodstream by first growing endothelial cells derived from small blood 
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vessels of the brain to confluence in a three-dimensional mesh. First astrocytes, arKl then neurons, are applied 
to the confluent stromal matrix formed by endothelial ceHs such that the endotheHai cells form a barrier 
between one surface of the culture, above, and the neurons, betow. A substrate applied to the endothelial cell 
surface must penetrate through the endothelial cell layer to reach the neurons beneath. 
5 For example, and not by way of limitation, endottielial cells may be isolated from small blood vessels of the 
brain according to the metfx>d fo Larson et al. (1987, Microvasc. Res. 34:184) and their rKimbers expanded by 
culturing in vitro using standard methods. These small vessel endothelial cells may then t>e inoculated orrto a 
suitable mesh (e.g. the nylon filtration screen made byTetko, Inc., #3-210/36) and then grown to complete 
confluence; sifver staining may be used to ascertain the presence of tight jurictlonal complexes specific to 

10 small vessel er>dothelium and associated with the 'barrier' function of the endothelium. 

Neurons and astrocytes niay then be obtained from embryonic or perinatal rats and then separated one 
from the other using standard techniques (Hattan et al., 1988. J. Cell Biol. 1i^: . For example, neurons nuiy be 
separated from astrocytes by differential adherence to a substrate, astrocytes adhering to dishes precoated 
with 100 ^g/ml pofy-O-tystne. and neurons adhering to dishes precoated with 500 |ig/ml poly-D-lysine. 

15 Astrocytes may then k>e inoculated onto confluent endothelial cell three-dimenslor^ stromal matrices, 
cultured for a period of about 5 days and then further inoculated with neuronal cefls. 

The multi-layer three-dimensional tissue culture system comprises one layer of small blood vessel 
endothelial cells and another of astrocytes and neurons, and recreates the structure of the t>lood-t>rain barrier 
found in vivo , wherein substarK^s in the bMood must penetrate the endothelium of small blood vessels to reach 

20 the neuronal tissue of the braJn. The system can be used to test the ability of substances to cross tfie 
blood-braJn barrier. Because many substances are unable to cross this t>arrier, there is a long felt need for an 
in vitro system to rapidly screen the penetration abilities of test agents. For example, many antibiotics are 
unable to cross the t>lood-brain barrier. It would be useful to b& able to rapidly screen newly developed 
antitx>tics for their penetration ability; the relatively few antibiotics which may be used to treat central nervous 

25 system infections, many of which are related to penlciQin and therefore associated with the risk of altergk: 
reaction, creates an urgent need for the development of new CNS-active agents. 



10. THREE-DIMENSIONAL PANCREAS TISSUE CULTURE SYSTEM 

30 

Suspensions of pancreatic acinar cells may be prepared by an adaptation of techniques described by others 
(Ruoft and Hay. 1979, Cell Tissue Res. 204:243-252; and Hay, 1979, in, ■MettK>dological Surveys in 
Biochemistry. Vol. 8, Cell Populatk>ns.' London, Ellis Homwood. Ltd., pp.143-160). Briefly, the tissue Is minced 
and washed In calcium-free, magnesium-free buffer. The minced tissue fragments are incut>ated in a sokJtk>n 

35 of trypsin and coUagenase. Dissociated cells may be filtered using a 20 ^m nylon mesh, resuspended in a 
suitable buffer such as Hanks balanced salt solutk^n, and pelleted by centrifugation. The resulting pellet of 
cells can be resuspended in mtnimal amounts of appropriate media and inoculated onto the three-dlmensinal 
stroma prepared as prevksusly described. Acinar cells can be ktentifled on tt>e t>asJs of zymogen droplet 
inclusions. The culture of pancreatic acinar cells in the three-dimensk>nal stromal system should prolong cell 

40 survival in culture. 



11. EXAMPLE: THREE-DIMENSIONAL BONE MARROW CULTURE SYSTEM 

45 The subsections below demonstrate that the three-dimensional culture system can be used for the 
establishment of long term bor>e marrow cultures for human, non-human primate (macaque), and rat. The 
three-dimensional cultures were evaluated by scanning electron mk:roscopy, and the cellular content was 
evaluated l)y a numt>er of methods. The progenitor content was evaluated by CFU-C and BFU-E, arxJ the 
cellular content by differential counts and cytofluorographk; analysis using labeled mor>oclonal antibodies 

50 specific for different hematopoietk: cell lines. 

The results indk^te that tfie three-dinnensk)nal culture system supports the expressk>n of several 
hematok>gk; lineages as evidenced by the differential counts of the non-adherent and adherent zones of the 
human, macaque arxl rat cells. Cytofluorographte analysis of the cells attached to the three-dimensional 
stroma. Ke^, the adherent zone, revealed the presence of early and late myeloid precursors, mature 

65 granulocytes. B and T lymphocytes, megakaryocytes/platelets, and monocytes/macrophages. Although the 
number of progenitor cells located in the matrix was variable, this may have resulted from tf>e random 
populations of stromal cells used to form the support matrix. 

Since hematopoiesis may be dependent on growth-related activities and factors produced by the support 
celts, the three-dimensional cultures were grown in flasks which also contained a confluent mor>olayer of 

60 stromal ceHs. An inhibitk>n of both hematopoiesis and stromal cell growth in the three-dimensional culture 
system was observed in the presence of confluent stromal cells; the confluent monolayer of stromal cells 
In the flask appears to 'shut off' the three-dinoensional culture system. When the three-dimensional culture 
was transfened to a new flask, recovery of hematopoiesis was observed. This result suggests that stromal cell 
products influence not only hematopoietk: cells, but other stromal elements as well. 

65 The methods, results and data are described in more detail in the subsections below. 
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11.1 PREPARATION OF BONE MARROW SAMPLES 



11.1.1. HUMAN BONE MARROW 

Bone marrow was aspirated from multiple sites on ttie posterior iliac crest of hematologicafty normal adult 
volunteers after infomr>ed consent was obtained. Specimens were collected into heparinized tubes and 
suspended in 8 ml of RPMI 1640 nrwdium which was conditioned with IQiWo FBS and 5-1(XMb HS and 
supplemented with hydrocortisone, fur)glzone, and streptomycin. The cell clumps were disaggregated and 
divided into aliquots of 5 x 10< nucleated cells. 



11.1.2. NON-HUMAN PRIMATE BONE MARROW 

Intact cynomotgus nrtacaque nru>nkey lemurs were purchased from the Charles River Primate Center (Porter 
WasNngton, NY). The epiphyseal ends of the femurs were separated from the bone shaft under sterile 
conditions. The red marrow was renrwved, suspended in nwdium. and divided into aliquots of 5 x 10« nucleated 
cells. 



11.1.3. RAT BONE MARROW 

Adult male Long-Evans rats (225-400 gm) were anesthetized with ether, arKi after removal of ttieir femurs, 
were exsanguinated from tr>e at>dominaJ aorta using heparinized syringes. The femurs were spKt and the 
marrow contents were scraped Into a sterile petri dish containing 3 ml of Rscher's medium (GUxx?, NY) 
conditioned with ^QO/o FBS and 10<M> HS and supplemented with hydrocortisone, fungizone, heparin, and 
antibiotics (Naughton et al., 1987, J. Med. 18:21&-250). AJiquots of 5-7 x 10« cells were prepared. 



11.Z ESTABUSHMENT OF THE THREE-DIMENSIONAL STROMAL MATRIX 

Nylon filtration screen ( #3-210/36, Tetko Inc., NY) was used as a template to suport all LTBMC described in 
the examples below. The screen consisted of fitters, which were 90 fim in diameter, assembled Into a square 
weave pattern with sieve openings of 210 ^m. Stromal cells were Inoculated using the protocols described in 
the subsections below. Adherertce and subsequent growth of the stromal elements was monitored using 
inverted phase contrast microscopy and scanning electron microscopy (SEM). 



11.2.1. PREPARATION OF THE SCREEN AND IN0CUlJ\T10N OF STROMAL CELLS FOR HUMAN LTBMC 

8 mm X 45 mm pieces of screen were soaked In 0.1 M acetic acid for 30 minutes and treated with 10 mM 
potylysine suspension for 1 hour to enhance attachment of support cells. These were placed in a sterile petri 
dish and inoculated with either 5 x 10^ human bone marrow cells or with equal numbers of human fetal 
fibroblasts ( #GM 1380. Coriell Institute. NY), Human fetal fibroblasts were grown to confluence in nwnolayers 
using RPMI 1540 medium corKtitk>ned with IO^VId FBS. 5-10<Vto HS. supplemented with hydrocortisone, 
fungizone, and streptomycin, at 35' C. 5<Wa COz, arnJ a relative humkiity in excess of 90<W). These cells were 
lifted uslr>g coflagenase (10 ^ig/ml for 15 minutes) and transferred onto the screen. After 1-2 hours of 
tncubatkxi at 5<Vto OO2 the screens were placed )n a Coming 25 cmi^ culture flask and fk>ated with an 
additk>nal 5 ml of medium. Screens irK>culated witii marrow stromal cells were transferred in a similar n^anner. 



11.2.2. PREPARATION OF THE SCREEN AND INOCULATION OF STROMAL CELLS FOR NON-HUMAN 

PRIMATE LTBMC 

Two matrices were employed for LTBMC of monkey cells: nyk>n mesh Inoculated with human fetal 
fibroblasts (as descrit>ed above) and nykxi mesh that was inoculated with 5 x 10« fen>oral marrow cells from a 
cynomolgus macaque. Culture conditions and screen pretreatment protocols were Wentteal to those used for 
the human cultures described above. 



11.2.3. PREPARATION OF THE SCREEN AND INOCULATION OF STROMAL CELLS FOR RAT LTBMC 
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8 mm X 45 mm pieces of nyk>n screen were soaked in 0.1 M acetic acid for 30 minutes and coated wHh 
solubilized type IV mouse collagen (GIBCO Labs, NY) for 1-2 hours. The screen was inoculated with 5-7 x 10« 
Long-Evans rat femoral marrow cells and after 1-2 hours of incubation in CO2 at 33* C. the mesh was 
transferred to a 26 cm^ culture flask. 5 ml of medium was added to float the screen. 

5 

11.3. INOCULATION OF THREE-DIMENSIONAL STROMAL MATRIX WTTH HEMATOPOIETIC CELLS AND 

ESTABUSHMENT OF CULTURE 

10 When approximately of the mesh openings were iMidged with support celts (10-14 days for rat stroma, 
7-13 days for human or nrionkey stroma, and 4-7 days for human fetal fit>rot>lasts), the screens were transferred 
to sterile petri dishes and IrKiculated with 5 x 10^ human or monkey nucleated bone marrow cells or 2-5 x 10< 
rat femoral marrow cells, respectively. After 2 hours of incubatk3n in 5<M> CO2 each screen was gently floated In 
a 25 cm^ Comir>g flask to which 5 ml of medium was added. Cultures were fed every 5 days by replacement of 

f5 the spent media with fresh media. The culture vessels were also checked for ttie appearance of cell 
monolayers on the waUs of ttw vessels. If such mor>olay6rs were present at a confluerwy greater than 25<^). the 
tiiree-dtmenskxial cultures were transferred to new flasks. 



20 11.4. EVALUATION OF THREE-DIMENSIONAL BONE MARROW CULTURE 

The growth of the bone marrow cells and ttw cell content of the three-dimensional cultures were assayed 
histologically, by differential counts, CFU-C and BFU-E analysis, and cytofkjorographic analysis as described 
below. 

25 

11.4.1. HISTOLOGICAL EVALUATION 

For electron mk:roscopk; study, cultures were sacrificed at various intervals folk>wing the first Inoculation of 
30 stromal cells and the secorxf inoculation of hematopoietic ceHs. Briefly, nyk>n screens were cut into 
approximately 4 equal parts and were fixed in 3^ gluteraldehyde phosphate buffer solution, washed, 
dehydrated in acetone, and placed in a Denton Critk:al Point Dryer. In some instances, the stromal layer was 
physically disrupted to permit the visualization of the underlying ceN growth (Naughton et al., 1987. J. 
Med. 1 8:219-250). Specinr>ens were coated with GO/OAj gold and A(y¥o palladium and studied with an Amray SEM. 
35 The growth pattern of human and macaque cells in the three-dimensional LTBMC was similar to that for rat 
bone marrow. Briefly, stromal cells (either marrow-derived or fetal human fibroblasts) grew linearly along and 
envek>ped each nylon strand t>efore starting to span the mesh openkigs (FIG. 1). Hematopoietk; (and stromal) 
cells of the second inoculum seed in the natural interstices formed by the stromal cell processes wfiich are 
present in at least JOfi/o of the openings in the 3.6 cm^ mesh (FIG. 2). Hematopoiette cells dkl not appear to 
40 bind directly to the nylon but, rather, to tf>ose areas where support cells were attached. Ootontzation was 
evident in all cultures by 3-6 days after the second inoculation of henrtatopoietk; cells. The 210 sieve 
provided sufficient area for the expresQk>n of erythrokl, myek>ki and ottwr colonies (FIG. 2) Hematopoiesis 
was observed on the outer surfaces of the nylon screen LTBMC but was most extensive in the interstices of 
the developing support cells. 

45 

1 1 .4.2. TOTAL CELL COUNTS AND CYTOSPIN ANALYSIS OF SPENT MEDIUM OF THREE-DIMENSIONAL 

LTBMC 

50 Total cell counts and cytospin preparations were made using spent medium removed when the cultures 
were fed (every 5 days). CeH counts were performed using the hemacytometer method. Cytospins were 
stained with Wright's-Giemsa and differential counts were performed on random ftelds. Analysis of cytospin 
slides prepared after each feeding revealed the preser>ce of late stage precursors of the erythroid, myek>id, 
and lymphokJ lineages in the human and monkey cultures (Table II). These persisted for the term of culture of 

55 each species tested (39 weeks for the rat, 12.5 weeks for the primates) atthough tf>e relative percentages of 
the cell types varied, Macrophages/mor>ocytes/fibroblasts released into the non-adherent zone of the human 
cultures increased with time, mainly at the expense of the myek>kl ceHs (Table II). 



60 
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TABLE II 

CELLaiiAR CONTENT OF THE NON-ADHERENT ZONE* 



HUMAN 

Time in 

culture Differential Count (\) 



(wk) 


MY 


£ 


L 


MAC/STR 


Ot 


0 


63 .9 


19. 0 


10.8 


3.6 


2 7 


1 


59.0 


14.0 


8.6 


14.9 


3.5 


2 


48.5 


14.4 


9.9 


23.7 


3.9 


3 


51.9 


9.2 


9.6 


24.7 


4.6 


4 


41.2 


10.4 


6.1 


33.9 


8.4 


5 


41.9 


12.7 


10.3 


29.0 


6.1 


6 


45.2 


11.2 


8.0 


27.2 


8.4 


7 


39.8 


10.1 


6.3 


34.8 


9.0 


8 


38.6 


9.8 


6.5 


37.1 


8.0 


9 


40.3 


5.6 


6.6 


38.4 


9.1 


10 


35.9 


5-5 


6.8 


40.6 


11.2 


11 


31.3 


6.7 


5.4 


43.2 


13.4 


12 


30.1 


5.0 


4.1 


44.6 


16.2 
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MACAQUES 

Time in 

culture Differential Count (%) 



(wk) 


MY 


E 


L 


BIAC/STR 


Other 


0 


64.8 


14.2 


10.1 


8.2 


2.7 


1 


60.2 


16.0 


6.8 


12.9 


4.1 


2 


57.4 


14.9 


7.5 


16.4 


3.8 


3 


49.7 


12.4 


10.0 


23 . 5 


4 . 4 


4 


49.7 


9.9 


7.9 


26.2 


6.3 


5 


43.0 


10.7 


6.1 


32.0 


8.2 


6 


39.2 


8.0 


6.0 


36.7 


10.1 


7 


Nb 


ND 


ND 


ND 


ND 


8 


38.8 


4.3 


8.4 


39.2 


9.8 


9 


27.6 


7.7 


8.6 


46.1 


10.0 


10 


35.5 


6.2 


7.7 


42.0 


10.6 


11 


ND 


ND 


ND 


ND 


ND 


12 


35.4 


6.0 


6.9 


39.2 


12.5 



Results reflect an average of 3^5 cultures. Each 
culture contained one 3.6 cm nylon screen. 

MY'^myeloid, E=»erythroid, L=lymphoid, 
MAC/STR^acrophages , monocytes, and fibroblastic 
cells, Other=inegakaryocytes, unidentified blasts. 

ND=not done. 



1 1 .4.3. TOTAL CELL COUNTS AND GYTOSPIN ANALYStS OF ADHERENT ZONE OF THREE-DIMENSIONAL 

LTBMC 

Cell counts of the adherent zone were done at different intervals of LTBMC by treating the screen with a 1 :1 
mixture of collagenase and trypsin (10 jig/ml) and mlW ultrasonicatJon. Such analysis of the adherent zone of 
human and cynomolgus macaque LTBMC revealed tUat the relative percentage of stromal cells to 
hematopoietic cells increased with time in culture (Table lit). In particular, as hematopoietic colonization 
proceeded, the relative percentage of stromal elements dropped. However, stromal ceH growth at later 
periods of the LTBMC occurs at the expense of hematopoiesis. 
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TABLE III 

CELLULAR CONTENT OP THE ADHERENT ZONE* 



HUMAN 



Tjjse in 
culture 




Differential 


Count 




(wk) 


Stromal 


E 


MY 


Other 


1 


66 • 4 


6.2 


20.4 


7.0 


2 


60.0 


5,4 


26.4 


8.2 


3 


54.2 


6.6 


29.2 


10.0 


4 


62.6 


6.8 


24.5 


6.1 


5 


65.1 


2.7 


25.2 


7.0 


6 


65.4 


6.1 


21.6 


6.9 


7 


59.7 


7.7 


25.4 


7.2 


8 


64.3 


5.1 


24.0 


6.6 


9 


72.9 


2.7 


18.4 


6.0 


10 


73.2 


3.7 


17.7 


5.4 


11 


71.3 


3.0 


19.6 


6.1 


12 


74.7 


2.9 


17.4 


5,0 
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MACAQUES 





Time in 
culture 




Differential 


Count 




5 


(wk) 


Stromal 


£ 


MY 


Other 




1 


53.1 


8*0 


35.7 


3.2 




2 


66.0 


8.3 


19.2 


6.5 


10 


3 


68.6 


7.4 


18.1 


5.9 




4 


57.0 


5.1 


29.2 


8.7 




5 


56.6 


5.8 


27.5 


10.1 


IS 


6 


63-1 


3.9 


24.0 


9.0 




7 


ND 


ND 


ND 


ND 




8 


68.1 


4.8 


20.2 


6.9 


20 


9 


59.3 


4.0 


27.3 


9.4 




10 


70.0 


4.4 


17.3 


8.3 




11 


ND 


ND 


ND 


ND 


25 


12 


65.3 


4.2 


21.9 


8.6 



Cells of the adherent zone were disaggregated by enzyme 
treatment . 

^ Stroma includes fibroblasts, macrophages, adipocyte-like 
cells, endothelia; E=erythroid; My=myeloid; 
Other=lymphoid, thromboid, unidentified blasts. 

ND=not done. 

35 



Cellular proliferation achieved a steady state condition after several weeks in culture; simHar numbers of 
40 cells were found in the adherent and nonadherent zones when the LTBMC were examined on a weekly basis 
(FIG. 3). The numbers of cells in the non-adherent zone for the first 1-2 weekly of culture were somewttat 
misleading. In our experience, many of the cells which appear in tt>e medium in the earty stages of culture were 
formerly k>osley attached to the matrix. These become detached easily causing an artlfically high cell count for 
the non-adherent zone. Likewise, because of relatively low seeding effk^ency, only 5 x 10^ to 10* cells Initially 
45 adhere to tf>e mesh even though the inoculation volume was 5 x 10^ cells. This "hides' the 2-3 fokl cellular 
proliferation which occurs on the mesh during the first week of culture. 



11.4.4. CFU-C AND BFU-E CONTENT OF ADHERENT ZONE OF THREE-DIMENSIONAL LTBMC 

SO 

The CFU-C content of tf>e adherent zone of rat LTBMC was determined using a modification of the method 
of Bradley and Metctaf (1966, Austr. J. Exptl. Bk>l. Med. Sci. 44:287-300). Briefly. 4 x 10^ cells were plated and 
incut>atd at 37° C in 7-7.5Qfe CO2. Pokeweed mitogen rat spleen cell condittoned medium was utilized as a 
source of colony stimulating activity (CSA) for rat CFU-C which were counted after 14 days in culture. Human 

SS CFU-C were detennlned by aliquotlng 10^ nucleated cells/ml in Iscove's Modified Dult>6cco's medium 
supplemented with 20CW} FBS and plating over a layer of 10« PBLs in O.SQto agar (Griffin et al.. 1981. J. CHn. 
Invest. 68S32), Colonies were scored on days 7 and 14 after platir>g (37*C.7«Mj CO2). Human BFU-E virere 
assayed after various intervals of LTBMC in 0.8CM methytoellulose in Iscove's medkim containing 30Qto FBS, 
1% bovine serum albumin. 10"* M mercaptoethanol, 2.5-5 I.U./ml of partially purified human urinary 

60 erythropoietin (Naughton et al., 1985, J. Surg. Oncoi. 30:1 84-197), and 4.5*W) of phytohemagglutintrvstimulated 
human leukocyte condittoned medium (Cashman et al., 1983, Blood 61:876-884). 

Substantial numbers of CFU-C were recovered from the adherent zone of the rat and human LTBMC relative 
to those present in the initial inocukjm (FIG. 4). Preliminary findings indicate that BFU-E persisted in the human 
LTBMC as well (Table IV)- 

65 
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TABLE tV 

BFU-€ IN THE ADHEREhfT ZONE AT VARIOUS 
irfTERVALS OF LTBMC 

Time of culture (wk) Numbers of BFU-E* 

uncultured marrow 19 ± 6 
2 14 ± 4 
4 12 i 5 
7 8 ± 3 

9 11 ± 6 
_tO 8 ± 3 

* Colonies per 10* ceHs; mean of 3-4 pJates ± 
SEM 



11.4.5. CYTOFLUOROQRAPHIC ANALYSIS OF GEaUlAR CONTENT OF ADHERENT ZONE OF 

THREE-DIMENSIONAL LTBMC 

CytofKiorographtc analysis of the cellular content of the adherent zones of human and monkey LTBMC was 
perfomrmd usjng the EPICS system (Coulter EJectron/cs, Htafeah. Ra.). Celts were separated from the nylon 
screen at various Intervals after the inoculatk>n of hematopoietic cells using coHagenase and trypsin followed 
by extensive washing. Then cells were incubated for 45^ minutes In Hank's Balanced Salt Solutk>n with Ca^ 
or Mg^. These were reacted with the folkiwing monclonal antibodies whk^h were conjugated to fkiorescein 
isothkx^yar^te (FITC): Mo-1. T-3, B-1, Plt-1, and MY-9 (Coulter Immunology, Fla.). Murine IgM-FITC-treated 
celts were used as controls. Sorting windows were chosen on the basis of ftuorescence ar>d Rght scatter 
histograms. A 0.255 window was appropriately gated and the cellular profiles were determir>ed. 

Cytoftuorographic analysis of adherent zones of the human cultures at 2, 7 and 10.5 weeks confirmed the 
presence of earty (MY-9) and late (Mo-1) myetokl cells, B (B-1) and T (T-3) lymphocytes, megakaryocytes/pla- 
telets (Pft-1), and monocytes/macrophages <Mo-1) (Table V). 

TABLE V 

MEAN PERCENT REACTiyiTY OF UNCULTURED BONE MARROW AND CELLS FROM 
THREE-DIMENSIONAL LTBMC WITH MONOCLONAL ANTIBODIES* 



Human** 



MAb 


2 wk LTBMC 


7 wk LTBMC 


10.5 wk LTBMC 


Uncultured 


B-1 


10^±1.43 


6.76±0.98 


22.73 ±1,37 


11.96±1.13 


T-3 


18.64±1.88 


11.18±1.86 


13.01 ±1.84 


9.90 ±0.64 


Plt-1 


4.40±1.33 


8.08 ±0.92 


17.05±4.10 


8.72±1.83 


Mo-I 


10.10±1.04 


17.26 ±2.29 


20.98±1.14 


3.46 ±0.25 


My'9 


3.98 ±0^ 


3.70 ±0.68 


3.46 ±0.25 


1.46 ±0.64 








Macaque^ 




MAb 




7 wk LTBMC 




Uncuttured 


B-1 




31.01 




8.37 ±0.99 


T^ 




18,13 




11.56±2,1 


Ptt-1 




46.50 




8.53 ±1.09 


Mo-1 




40.87 




26.64 ±2,25 


My-9 




21.64 




5.49 ±0.83 



a Mean percent reactivity was calculated by subtracting non-specific labeling with murine-lgM-FrrC control. 
MAb => monoclor>al antibody. 

b Results reflect data from 4-5 cultures ( ± 1 SE), Times listed are folkiwing ttie Inoculation of tissue-specific 
cells. 

c Mean of 2 cultures inoculated onto fetal human fibroblasts. 



Human and monkey LTBMC can be established on a stratum of fetaJ human fit>roblasts but this nrtatrix will 
not support the growth of rat LTBMC. The fetal fibroblast celts reach a stage of subconfluence which will alk>w 
the subsequent inoculation of marrow cells much sooner than marrow stroma. When macaque bone marrow Is 
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grown on a bed of fetal fibroblasts, ttie phenotypic profile of the adherent zone shows that more cells react 
with the Plt-1 antibody than in the other cultures we studied but the other hematologic lineages are 
represented also (Table V). It is not known to wtwt extent this finding reflects cross-reactivity of the antitxxly 
or a shift in the cell population of the adherent zone mediated by ttie fetal cells. 



11.4.6. THE EFFECT OF CONFLUENT STROMAL CELL MONOLAYERS ON CeU- GROWTH IN 

THREE-DIMENSIONAL CULTURES 



10 Femoral marrow cells from Long-Evans rats or cynomotgus macaque were poured through a packed Fenwal 
wool column as described by Boswell and co-workers (Boswell et al.« 1987. Exptt. Hematol. 15:46-53). Briefly. 
10^-10^ femoral marrow cells were placed in 4 ml of medium and poured over a nyk>n wool column which was 
pre-lncubated at 37^*0 for 45 minutes in medium. After an additk>nal 45 minutes of incubatk>n. the 
non-adherent cells were drained and the adherent ceNs were removed by extensive washing and eiutkxi with 

15 EDTA-Versene sotutton (1 :5000 in saline; GIBCO, GrarKi Island, NY). Approximately 10^ ceils were inoculated 
in parallel into 25 cm^ flasks and grown to SC^Vb and lOOQfe confluence. Pre-established nylon screen LT6MC 
whk;h were starxiardtzed with respect to time foHowing the second inoculatk>n, were inserted into each flask. 
Growth on the nylon screen LTBMC and the nionolayer was observed microscopicalty. CeN counts and 
cytospin of ttw non-adherent zone were perfonned every 5 days. Differential counts of cytospin preparatk>ns 

20 of the enzyme dissociated adherent cells were performed 5 days after insertion of the nylon screen LTBMC. 
When confluent stromal ceH monolayers are co-cultured with nykxi screen LTBMC, both hematopoiesis and 
stromal cell growth on the suspended culture are inNbited (Table VI) as compared to LTBMC suspended In 
flasks wttfKXJt adherent stroma (p less than 0.05) or with stromal cells at approximately SOPfb confluence (p less 
than 0.05). In additfon, co-culture with confluent stromal monolayers causes the detachment and release of 

25 mesh-associated stromal cells into the non-adherent zone. Hematopoietk) cok>nies coalesce and cease 
growing. If the LTBMC Is transferred to a new flask, recovery of hematopoiesis Is seen by 3-5 days. 

TABLE VI 

on EFFECT OF STROMAL MONOLAYERS AT APPROXIMATELY SQtVo AND 
lOQtVb CONFLUENCE ON CELLULAR PROUFERATtON IN A SUSPENDED 

NYLON SCREEN LTBMC IN THE RAT 



MONOLAYER EFFECT ON CEU 
PROUFERAT10N* 

Cells Time of 50<¥o Confluent 100<Vb Confluent 

Exposure* * 
(days) 



40 



Stromal 


7 


0 ± 2.5 


-13.5 ± 4.7 


Ceils*^ 


15 


+ 3,3 ± ^0 


-18.0 ± 5.1 




28 


+ 1.7 ± 0.9 


-24.3 ± 40 


Hematopoietic 


7 


-1.0 ± 4.1 


-17.3 ± 3.2 


Cells^ 


15 


+6.3 ± 3.4 


-30.8 ± 7.7 




28 


+ 2.7 ± 1.9 


^.9 ± 10J2 



' Results are expressed as mean percent differences ( +/-) ± 1 SEM as 
compared to LTBMC grown in the absence of adherent cells on the bottom 
of the f task. Nyion screen bone marrow cultures were tested at 2 weeks 
following the second inoculatk)n (with hematopoietic ceHs). 
^ Time after introductton of the nykxi screen LTBMC into a flask containing 
adherent cells at either approximately SO^V^ or 100<^ confluence. 
^ Includes fibroblast macrophages, adipocyte-like cells, endotfielia. 
Includes blasts and late stage precursors of all lineages. 



12. EXAMPLE: THREE-DIMENSIONAL SKIN CULTURE SYSTEM 

60 The subsections below describe the three-dimensional culture system of the invention for culturing skin in 
vitro . Briefly, cultures of fibroblasts were established on nylon mesh which had been prevkHisty sterilized. 
Within 6-9 days of incubation, adherent fibroblasts began to grow into the meshwork openings and deposited 
parallel bundles of collagen. Indirect immunofluorescence using monoclonal antibodies showed predomi- 
nantly type I collagen with some type 111 as well. After 7 days, co-cultures of human melanocytes and 

65 kertinocytes were plated onto the fibroblast meshwork. No TPA or cholera toxin was added since trophic 
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factors are produced by the subconfluent fibroblasts of ttie adherent layer. Electron mtcroscopic studies 
revealed skin cells wtth normaJ morpt>ological characteristtcs and cell-cell attachments. 



^Z^. ESTABLISHMEhfT OF THE THREE-DIMENSIONAL STROMA 5 

Skin fibroblasts were isolated by mincing of dermaJ tissue, trypsinization for 2 hours, and separation of ceHs 
into a suspensk>n by physical means, Fibrol>iasts were grown to confluency in 25 cm^ Falcon tissue culture 
dishes and fed wtth RPMI 1640 (Sigma, MO) supplemented with IOVd fetal bovine semm (FBS). fungizone, 
gentamycin, and penicillin/streptomycin. Fibroblasts were lifted by mild trypsinization and cells were plated 10 
onto nyion filtration mesh, the fibers of which are approximately 90 nm In diameter and are assembled into a 
square weave wtth a mesh opening of 210 ^m (T etko, Inc.. NY). Tfie mesh was pretreated with a mild acid wash 
and incubated in potyfysine and FBS. Adherence of the fibroblasts was seen within 3 hours, and fibroblasts 
began to stretch across the mesh openings within 5-7 days of initial inoculation. These fibroblasts were 
metaboilcally active, secreted an extracellular matrix, and rapidly formed a dermal equivalent consisting of 15 
active fibroblasts arwl collagen. FIG. 1 is a scanning electron micrograph depicting fibroblast attachment and 
extension of cellular processes across the mesh openir>g. 

12.2. INOCULATION OF MELANOCYTES AND KERATINOCYTES 20 

Melanocytes were isolated according to the method of Eisinger and Marko (1982. Proc. Natl. Acad. Sd. USA 
79:2018-2022). Briefly, skin samples were incubated in trypsin for 4-6 hours, allowing separatton of the 
epidermal and dermal layers. Epidermal cells were suspended in media and plated into 25 cm^ Fak^on tissue 
culture flasks. Melanocytes were separated from keratinocytes by preferential attachment qualities. Isolated 25 
melanocytes were plated onto the fibroblast-coated nylon mesh and allowed to grow for 3 days prior to ttie 
addition of keratinocytes. MeiarK>cytes grow normally in this system in that they exhibit dendrite formation, 
remain pigmented, and retain the ability to transfer pigment to keratinocytes. FIG. 6 depicts the appearance of 
melanocytes after 3 days in the three-dimensranal culture system. Isolated keratinocytes were plated onto the 
melanocytes after 3-4 days. This •tissue' grows rapidly and is maintained in RPMI 1640, lOQfe FBS, and the 30 
appropriate antibiotics. Since natural growth factors are secreted by the dermal elements, no additton of 
exogenous factors (e^. TPA. cholera toxins, etc.. as descrilied by Sengel. 1983, ffi Btochemistry and 
Physiology of Skin, Vol.1, pp.102-131. Oxford Univ. Press, NY; and Eisinger et al.. 1988, Proc. Natl. Acad. Sol. 
USA 85:1937-1941). is necessary. 

35 

12.3. HISTOLOGICAL ANALYSIS OF SKIN CULTURE 

The skin cultures were evaluated histologteally by light microscopy using the fdtowing procedure: all tissue 
wras fixed in 2.5tVb buffered gluteraWehyde. dehydrated In ethanol, and cleared in xylene prior to paraffin 40 
embedding. Sectk)ns were cut at a thfckness of 6 to 8 jim, stair>ed with hematoxylirv«osin and examirwl for 
normal and altered morphok>gical characteristics. 

A cross section of this skin model is shown in the photomicrographs of FIGS. 7 and 8. Normal ceil 
orientation and morphology is obvious. Epidermal ar>d dennal components completely surround the nrwsh 
fiber and a distinct dermai-epidennal junction is evWent (FIG. 7). Keratinocytes manifest a nomial morptK>k>gy 45 
and contain pigment granules, and a nrwturation of cells is seen, with evidence of the formation of a stratum 
comeum (FIG. 8), 

12.4. TRANSPLANTATION OF THREE-DIMENSIONAL SKIN CULTURE IN VIVO 50 

Our tran8plantatk>n studies in rats have indrcated tt>at this three-dimensional system permits ttie rapid 
engraftment of the dermal and epidermal components witt>out reiectkm. 

Twenty four rats were emptoyed In the sWn transplantation studies. Meshes were cut into 6mm circular 
pieces, autoclaved, treated with miW acid, incubated with coBagen type IV, incubated with fetal bovine serum 55 
and inoculated with stromal cells wtth or without a secorKl inoculation of keratinocytes. Meshes covered wtth 
dermal and/or epidermal cell components were sutured Into wound areas and closely examined every 12-24 
hours as folk)ws: rats received light ether anesthesia and their dorsal surfaces were sfwived and washed with a 
betadine solutwn. Four 6 mm punches were nrwde with a disposable Baker's punch biospy needle, and 
sub-cutlcular suturing was used to hold the implanted meshes in place. The rats were closely examined until go 
12 hours post surgery and then monitored every 24 hours. 

The areas of mesh implantation showed no signs of erythema, swelling, exudate, or fragility. Meshes were 
renwved at 7 days, 14 days, and 21 days post transplantation. Results of these transplants are illustrated in 
FIGS- 9 and 10. All skin cells are shown 7 days post transplant (FIG. 9). FIG. 10 illustrates keratinocytes (k), 
fibroblasts (f), collagen (c), adipocytes (a) and smooth muscle cells (s) all arranged in a natural configuratkjn 65 
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around the nylon mesh fiber (m). The absence of tymphocytes and other immune components along with the 
strong natural attachment of the ceils to the mesh indicates that no rejection is taking place in vivo . 

Parallel studies have been performed In which meshes with denmaJ and epidermal components were 
implanted into 10mm x 10mm skin bk}p5ies which were then nrtalntained in culture for 14 days and examined 
5 histologically. Similar ceil migration, attacfvnent, and differentiation patterns were observed in tt^e in vitro 
transplants. The engraftment studies to date help to substantiate the hypothesis that our three-dimensional 
matrix system is a true physiologic system in whk:h all cell components are activated and natural growth 
factors are being produced. 

Although the invention is described in detail with reference to specific embodia>ents thereof. It wiU be 
10 understood that variations can be made witfYout departing from the scope of the invention as descrit>ed above 
arKt as claimed below. 



13. EXAMPLE: THREE-DIMENSIONAL UVER CULTURE SYSTEM 

15 



13.1. MATERIALS AND METHODS 

20 

13.1.1. ANESTHESIA 

An adult Long-Evans rat weighing approximately 300 gm. was injected Intraperitorieally with 0.3 ml of 
25 injectable sodium pentbarbital. 



13.1.Z DISSECTION 

30 The animal was pinched with a sharp forceps to ensure adequate ar>esthetizatk>n. A mklKne incision was 
made between the xiphoid process and the Inguinal area, folktwed by further Incisions to produce flaps 
permitting entrance to the abdominal cavity. The intestines and other organs were pushed to tt>e right side of 
the animal, exposing the hepatic portal vein. The f)epatte portal vein was further exposed by dissection and a 
4.0 suture was tied around the hepatic portal vein distal to where the catheter was to t>e placed. A second 

35 suture was placed around the hepatic portal vein proximal to where tfw catt>eter was to be placed. A smaA nick 
was made in the hepatic portal vein with a 21 gauge needle. The peristaltk; pump was tumed on and infusion of 
500 ml of HEPES buffer (containing 4.1 gm NaD, 0^5 gm Ka. 3 ml of 1M NaOH. and 10 ml of 0,24<W) w/v 
HEPES stock) was begun; immediately thereafter the inferior vena cava was cut to allow for tt>e buffer to 
escape. After infusk^n was complete, ttie pump was shut off, and the liver was gently removed into a Buckner 

40 funnel and then perfused with collagenase solution (0.4 gm NaCl, 0.06g KCP, 10 ml HEPES stock ( supra) , 0.07 
gm CaCl2J2HzO. 6.6 ml 1M NaOH, 50 mg collagenase in 100 cc, brought to a pH of 7.6 at 37** C). Perfuskni was 
allowed to continue for 15-20 minutes. The contents of tf)e Buckner funnel were filtered, and the liver was 
removed and placed in collagenase solution containing (w/v) BSA. 

45 

13.1.3. CELL SOLimON PREPARATION 

The tobes of the perfused liver were separated, arKi ttie outer parenchyma trimmed away. The inner 
parenchyma was ttien minced In Har>ks balanced salt solution (HBSS) containing physiologic Ca+ + and 

50 Mg + + . Large liver tissue fragments were allowed to settie out, and the ceH suspension was then centrifuged 
through a PercoH gradient (5 ml of DMEM plus 0.5 lu/ml Insulin. 0.007 mg/ml glucagon and 20 percent fetal 
t>ovine serum) was placed in a 50 ml conical centrifuge tube, HBSS plus physidogk^al Ca+ + and Mg + + was 
added to the 50 ml. mark, and 5 ml. of Percoll working solution [70<Vto stock PercoH plus 30<W) PBS; stock 
Percoll was 9 parts Percoll and 1 part 10X cof>centrated Dulbecco's medium was layered on top of ttie HBSS 

55 by centrifugatk>n at 800g for 10 minutes. Liver parenchyma cells were collected from the bottom of the 
gradient and added to three-dimensional mesh cultures with subconfluent stroma. 



13.1.4. PREPARATION OF THREE-DIMENSIONAL STROMAL MATRIX 

60 

8 mm x 46 mm pieces of nylon filtrating screen ( #3-210/36. Tetko, lr>c., NY) were soaked In 0.1 M acetic acid 
for 30 minutes and treated with 10 mM polytysine suspension for 1 hour. The meshes were placed in a sterile 
petri dish and inoculated with 1 x 10^ fibroblasts collected from rat liver in DMEM complete medium. After 1-2 
hours of incubation at 5<Vo CO2 the screens were placed in a Coming 25 cm^ tissue culture flask, floated with 
65 an additional 5 ml. of medium, and allowed to reach subconfluence, being fed at 3 day intervals. 
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13.1.5. MAIhfTENANCE OF THREE-DIMENSIONAL UVER TISSUE CULTURES 

After fnoculatfon of Jiver parenchymal cells onto ttie three-dimenskmai stromal matrix, cultures were 
maintained in DMEM complete medium at 37** G and 5<Wa COa in a tiumldifled atmosphere and were fed with 
fresh medium every 3 days. 

13.2. RESULTS AND DISCUSSION 

Adult liver cells cultured in this fashion exhibited active mitosis arxi continued to secrete proteins over a 
three-week period of time. Hepatocytes oriented themseh/es Into cords of eels (FIG. 1 1 ar>d histologically 
resembled hepatoblasts or regenerating liver ceils during ttie first 10-12 days of three-dinDensior>al culture 
(FIG. 12). As the cultures became highly confluent, the parenchymal cells began to resemble mature adtit 
hepatocytes with bile duct eels. Kupfter cells and other Uver stromal cells stiH present. Cells divided 
approximately every 24 hours for the first 10-12 days of culture and continued to divide every 72 hours for to 
a three-week period. Albumin secretion continued over the ttvee-week culture period and hepatocyte retained 
their activated enzymes wfiich aHowed them to metabolize products In vttro . After cultures reached full 
confluency they could be nriaintalned as viable substrates for up to 12 weeks. 

14. EXAMPLE: THREE-0IMEh4SI0NAL MUCOSAL EPITHELIUM TISSUE CULTURE SYSTEM 



14.1. MATERIALS AND METHODS 



14.1.1. PREPARATION OF MUCOSAL EPFTtiEUAL CELLS 

Samples of oral mucosal tissue were obtained from orthodontic surgical specimens. Tissue was washed 
ttvee times with fresh MEM containing antibk)tjcs (2 ml of antibk>tk: antimycotk; solution, from GIBCO. Cat. 
#600-5240 AG; and 0.01 ml of gentamycin sokitton from GIBCO. Cat. #600-5710 AO per 100 cc MEM), cut 
Into small pieces, then washed with 0.02<Wo EDTA (w/v). 0.25<Vb trypsin (In PBS without Ca+ + or Mg+ + was 
added; after a few seconds, the tissue pieces were removed and placed In fresh 02SO/o trypsin (in PBS without 
Ca+ + or Mg + + ) and refrigerated at 4° C overnight. Tissues were then removed and placed in fresh trypsin 
solution, and gently aggitated until cells appeared to form a single-cell suspension. The single-cell suspensk>n 
was then diluted in MEM containing 10<^ heat-inactivated fetal bovine serum and centlfuged at 1400g for 7 
minutes. The supernatant was decanted and the pelet containing mucosal epithelial ceHs was placed Into 
seeding medium. Medium consisted of DMEM with 2<Vb Uttrosen G, 1 x L-glutamine. 1 x nonessential anr^ino 
acids, penicillin and streptomycin. The ceHs were then seeded onto a three-dimensional stromal matrix (see 
infra) - 



14.1.2. PREPARATION OF THE THREE-DIMENSIONAL STBOMAL MATRIX 

The three-dimensiona] stromal matrix used in mucosal epithelium cultures was generated using oral 
fibroblasts and 8 mm x 45 mm pieces of nylon filtration screeen (#3-210/36, Tetko Inc.. NY) as described 
above for three-dimensk)nal liver cultires in Section 13.1.4). 



14.1.3. MAINTENANCE OF THREE-DIMENSIONAL MUCOSAL EPITHEUUM TISSUE CULTURES 

After inoculation of mucosal epithelial cells onto the three-dimensional stromal matrix, cultures were 
maintained in DMEM complete medium at 37^ ar>d 5Qfe CO2 in a humidified atmosphere and were fed with fresh 
medium every 3 days. 

14.2. RESULTS AND DISCUSSION 

FIG. 13 is a photomicrograph of a cross-section of a three-dimenstonal mucosal epithelium tissue culture 
produced by the methods descht>ed supra . The tissue culture was found to recapitulate the stratified 
squamous epithelium of the oral mucosa in vivo; note that as the cells approach the surface of the culture, the 
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nuclei become flattened and oriented in a plane paraJle) to the surface, as occurs in vtvo. 



15. EXAMPLE: THREE-DIMENSIONAL PANCREAS TISSUE CULTURE SYSTEM 

5 ' ' ~ 



15.1. MATERIALS AND METHODS 

10 

15.1.1. PREPARATION OF PANCREATIC ACINAR CELLS 

Pancreatic acinar cells were prepared by an adaptation of the technique described in Ruoff and Hay (1979, 
15 Cell Tissue Res. 204:243-252) and Hay (1979 in 'Methodological Surveys in Biochemistry". Vol. 8. Cell 
Populations/ London, Ellis Homwood, Ltd. pp. 143-160). Tbe tissue was collected from adult male Long-Evans 
rats and minced and washed In calcium free, magnesium free HBSS buffer. The minced tissue was then 
incubated In a solution containing 0.25 percent rypsin and coUagenase. Dissociated cells were fittered using a 
20 \xm nyion mesh, resuspended in HBSS. and pelleted by centrffugatfon at 300g for 15 minutes. The resulting 
20 pellet was resuspended in a small amount of DMEM complete medium and irnxxjlated onto three-dimenslonai 
stroma (see infra). 



15.1.2. PREPARATION OF THE THREE-DIMENSIONAL STROMAL MATRIX 

25 

The three-dimensional stromal matrix used In pancreatic tissue cultures was generated using adult rat 
pancreatic fibroblasts and 8 mm x 45 mm pieces of nyion filtration screen (#3-210/36, Tetko. Inc.. NY) as 
described above for three-dimensional liver cultures In Section 13.1.4. 

30 

15.1.3. MAINTENANCE OF THREE-DIMENSIONAL PANCREATIC TISSUE CULTURES 

After inoculation of pancreatic acir>ar cefls onto the three-dimensional stromal matrix, cultures were 
nr»aintained in DMEM complete medium at 37° C and 50/q COs In a humidified atmosphere arKi were fed with 
35 fresh medium every 3 days. 



15.2. RESULTS AND DISCUSSION 

40 FIG. 1 4 is a photomicrograph of a cross-section of a three-dimensional pancreas tissue culture produced by 
the methods described supra . The tissue culture acinar cells may be identified on the basis of zymogen droplet 
inclusions [arrow], as compared to the more homogerieous appearance of stromal cells (asterisk). Islet cells 
remain concentrated In tt>e center of each mesh openir>g and form a structure containirig 1-2 x 10* 
insulin-secreting celts. 

45 

16. EXAMPI_E: THREE-DIMENSIONAL MODEL SYSTEM FOR THE BLOOD-BRAIN BARRIER 



50 

16.1, MATERIALS AND METHODS 



55 16.1.1. PREPARATION OF SMALL VESSEL ENDOTHEUAL CELLS 

Small vessel endotheliai cells isolated from the brain according to the method of Larson et al. (1987, 
Microvasc. Res. 34:184) were cultured in vitro using T-75 tissue culture flasks. The cells were maintained in 
Dulbecco's Modified Eagle Medium/Hams-F-12 medium combination (the solution is available as a 1:1 

60 mixture). The medium was supplemented with 20<Vb heat-inactivated fetal calf serum (PCS), glutamtne, and 
antibiotics. The cells were seeded at a concentation of 1 x 10^ cells per flask, arxl reached a confluent state 
within one week. The cells were passaged once a week. and. in addition, were fed once a week with 
DMEM/Hams-F-12 containing FCS, glutamine. and antibiotics as descrit>ed supra . To passage tt>e cells, flasks 
were rinsed twice with 5 ml of PBS (without Ca + + or Mg + -I- ) and trypsinized with 3 ml of 0.06<Vb Trypsin and 

65 0.63 mM EDTA. The cells were pelleted, resuspended, and tested for viability by trypan blue exclusion, seeded 
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and fed wtth 25 ml of the abovementioned DMEM/Hams-F-12 suppteiriented medium. A factor VIII related 
antigen assay (Grulnick et al., 1977, Ann. Int. Med. 86:598-616) is used to positively identify endothelial cells, 
and silver staining was used to identify tight junctional complexes, specific to only small vessel endott)efium. 



16.1.2. PREPARATION AND SEEDING OF MESH 

Nylon filtration screen mesh (#3-210/36. Tetko. Inc., NY) was prepared essentially as described above for 
liver, pancreas, bone marrow, etc. tissue culture systems. The mesh was soaked in an acetrc acid solution (1 
mi glacial acetic add plus 99 ml distilled HzO) for thirty minutes, was rinsed with copius amounts of distiled 
water and then autoclaved. Meshes werQ coated with 6 ml fetal bovine serum per 8 x 6 cm mesh and incubated 
overnight. The meshes were then stacked, three high, arid 3 x 10^ small vessel endothelial cells (cultured as 
described supra ) were seeded onto the stack, and Incubated for three hours at 37" C under &>/o CO2 in a 
humidified atmosphere. The inoculated meshes were fed with 10 ml of DMEM/Hams-F-12 medium every 3-4 
days untH complete confluence was reached (In approximately two weeks). 



16.1.3. PREPARATION OF NEURON AND ASTROCYTE CELL POPULATIONS 

Neurons and astrocytes were isolated from fetal rat cerebelum. The cerebellums from 5 rats were dissected 
out and placed in PBS buffer. The PBS was then removed and 1 ml of trypsin solution (10 mg trypsin, 1 ml PBS 
with 0.01g MgS04-7H20, and 6 ^ IN NaOH) was added to each. After 3 minutes, the tissue was rinsed with 
about 1 ml PBS buffer and 2 ml of a stock solutk^n cor>sisting of 7.5 mg DNASe plus 15 ml Earles BME). 
Indivklual cells were then brought into suspensk>n by aspirating tissue through progressively smaller syringe 
needles ranging from 18 to 25 gauge, until the solution was cloudy. The resulting single-cell suspertsion was 
then centrifuged at 800g for 5 minutes, and the cell pellet resuspended in medium and then passed through a 
33 jup filter. Cells were then layered onto a 6(Wo/35<%^ Percoll step gradient and centrtfuged for 10 min. at 800g. 
Cells at the 0^/359^ interface were mostly glia and astrocytes; cells at the 35<Vb/60(Vb interface were largely 
neurons. Both populations were collected and diluted separately in 5 ml of PBS. washed, ar>d collected by 
centrrfugation at 2500g for 5 minutes. The cells were then resuspended in medium (BME containing 10<Vb 
heatnnactfvated horse serum). Both cell types were, separately, plated onto culture dishes precoated with 
poly-D-lysine. Rrst they were plated onto dishes precoated with 100 pdy-O-lysine. incubated for 20-45 
minutes, and then lightly rinsed with PBS; glia and astrocytes selectively adhered to the culture dishes, and 
neurons were rinsed off. The rinse buffer was then plated onto culture dishes coated with 500 jig poly-O-lysine, 
in which case neurons adhered to the culture dishes. 



16.1.4. SEEDING THE ASTROCYTES ONTO •mREE-DIMENSIONAL ENDOTHELIAL CELL CULTURES 

5x10^ astrocytes were seeded onto meshes covered with confluent endothelial cells (described supra ) by 
removing the medium from the mesh, irK>culating the nneshes with the astrocytes, and then ir>cut>ating for one 
hour at STC and 5tWa COz In a humidified atmosphere. The nnesh was then fed with DMEM-k12 containing 
interferon, transfemn, selenium, and subsequently fed at 2-3 day intervals. 



16.1.5. SEEDING NEURONS ONTO THREE-DIMENSIONAL ENDOTHELIAL CELL-ASTROCYrE TISSUE 

CULTURES 

After approximately 5 days, neurons were seeded onto the erKtothelial cell-astrocyte tissue cultures. 
Neuronal cell cultures, exhibiting neurrte outgrowth (whk^h was obseved after about one week in culture), were 
harvested and approximately 5x10^ cells were seeded onto the endothelial cell/astrocyte three-<Jimensk)nal 
culture meshes. Neuror^ cells were seeded In a minlnnal volume of culture medium, and then incut>ated for 3 
hours at 37^ C and CO2 in a humidified atmosphere, after which time meshes were fed with a standard 
volume of DMEM/F12, reirK:ubated, and subsequently fed at 2-3 da> intervals. 



16.2. RESULTS AND DISCUSSION 

Nylon mesh was precoated with fetal bovine serum, onto which small vessel endott>elial cells, grown to 
confluence in standard monolayer culture, were seeded and grown to complete confluer>ce. 

Neurons and astrocytes were prepared from the cerebellum of fetal rats, and separated by differential 
adherence. Astrocytes were grown on the confluent endothelial cell three-dimensk>nal stromal n>atrix, and, 
subsequently, neuronal cells were added to the three-dimensional tissue culture. 

The resulting endothelial cell/astrocyte/neuron three-dimensk»nal tissue culture, was then maintained until 
it reached a second stage of semi-confluence covering the layer of endott>eilai cells. This multi-layer 
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three-dimensional tissue culture system, as shown in FIG. 15. wtierin one layer consists of confluent smaH 
blood vessel endothelial cells and the other layer consists of astsrocytes and neurons, recreates the structure 
of the blood-brain barrier found In vivo , wherein substances in the blood must penetrate the endotheUum of 
small blood vessels to reach the neuronal tissue of the brain. Such a blood-brain barrier model system can be 
used to study the passage, or lack thereof, of chemicals or viruses into the brain; it Is advantageous to 
determine svfilch antibiotics, or antivirals for example, can penetrate the blood-brain barrier to treat central 
nervous system infections. Further, such a model system can be used as a substrate for athe study of the 
action and potency of various neurotoxins. 



17, EXAMPLE: THREE-DIMENSIONAL ADENOCARCINOMA TISSUE CULTURE SYSTEM 



17.1. MATERIALS AND METHODS 



17.1.1. PREPARATION OF ADENOCARCINOMA STROMAL AND PARENCHYMAL CELLS 

Adenocarcinoma cells were separated from stromaJ cells by mincing tumor cells in HBSS, incubating the 
cells In 0.27*^3 trypsin for 24 hours at 37** C and further incubating suspended cells in DMEM complete medium 
on a plastic petri dish for 12 hours at 37^*0 Stromal cells selectively adhered to the plastic dishes. 



17.1.2. PREPARATION OF THE THREE-DIMENSIONAL STROMAL MATRIX 

The three-dimensional stromaJ matrix used in adenocarcinoma tissue cultures was generated using stromal 
cells derived from the tumor (see Section 17.1.1.. supra ) and 8 mm x 45 mm pieces of nylon filtration screen 
( #3-210/36, Tetko, Inc., NY), as described above for three^flmenslonal Rver cultures in Section 13.1,4. 



17.1.3. MAINTENANCE OF THREE-DIMENSIONAL ADENOCARCINOMA TISSUE CULTURES 

After inoculation of adenocarcinoma cells onto the three-dimensional tumor stromal matrix, cultures were 
maintained in DMEM complete medium with high glucose, IS^Vto FBC and 0.03<^ glutamine at 37^0 and 
COz in a humidifted atmosphere and were fed with fresh medium every 3 days. 



17.Z RESULTS AND DISCUSSION 

FIG. 16 is a photomicrograph of a three-dimensional adenocarcinoma tissue culture. Adenocarcinoma cells 
showed a characteristic piling and orientation into a three-dimensior^al tumor-like structure. Cells retained 
their eprthelial-lil<e appearance. 



18. EXAMPLE: THREE-DIMENSIONAL TISSUE CULTURE CYTOXICTTY TESTING SYSTEM 



18.1, MATERIALS AND METHODS 



18,1.1. PREPARATION OF THREE-DIMENSIONAL BONE MARROW TISSUE CULTURES 

Three-dimensional bone marrow tissue cultures were prepared according to the metfKxi outlined In Section 
11, supra . 



18.1,2, EXPOSURE OF THREE-DIMENSIONAL BONE MARROW CULTURES TO CYTOTOXIC AGENTS 

Individual three-dimensional bone marrow cultures were maintained In each weH of a 96 weM tissue-culture 
tray for cytotoxicity testing. 
Cultures were exposed to 10-fold serial dilutions of adriamycin, ranging from 0.1 TO 10 jim, for 24 hours. 
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Controls were exposed to ten-fold serial dilutions of bovine serum albumin (BSA). 

Similarly, other three-dimensional bone marrow cultures. In a 96 weH multi-well tissue culture unit, were 
exposed to ten-fold serial dilutions of cis-platinum. ranging from 1-75 urn for 24 hours. Controls were exposed 
to serial dilutions of 6SA. 

In all cases, monolayers of human fibroblasts, cultured using conventional techniques, were compared to 
three-dimensional cultures of either stromal cells alone, or in conjunction with hematopoietic cells. 



18.1.3. CYTOTOXICrTY ASSAY 

Media was removed from cells, and 0.2 ml of neutral red dye-media solution (see Section 18.1.4, infra ) was 
added to each well. The cultures were then incubated at 37^ C for three hours. In culture trays containing 
three-dimensionai cultures, well 1A served as the control and contained mesh alone without cells. 

After incubation, dye/medium was renDoved, and each weH was washed rapidly with formal-calcium (see 
18.1.4, infra ) to remove unincorporated neutral red and enhance attachment of the cells to the substratum. 

0.2 ml of acetic acid/ethanol solution (see 18.1 .4, infra ) was added to each well and the cultures were kept at 
room temperature for 15 minutes (to extract the dye) and then shaken for a few seconds on a shaker plate. 

Culture trays were then transferred to a Dynatech microplate reader equipped with a 540 nm fitter for 
automated spectrophotometric reading and recording. Acetic acid/etharK>l solution in a control well served as 
a blank. 



18.1.4. SOLUTIONS FOR CYTOTOXICnY ASSAY 

Neutral red/medium was prepared as follows. Neutral red was prepared as a 0.4^ aqueous stock sohition, 
and was shieWed from light by foil. A fresh 1 :80 dilutk>n of the dye was made. Immediately before use. the dye 
medium solutk>n was centrifuged for 5 minutes at 1500g and the supernatant fluid was used for the neutral red 
assay. 

Formal-calcium was prepared as follows. 5g of CaOz (anhydrous) was added to 497.5 ml of sterile distilled 
H20. 2.5 ml of 40<V(} formakJehyde was then added to produce a formal-calchjm solution whteh wbs 1Q^ caCb 
and 0.5o^ formalin. 

Acetic acid ethanol solution was produced as follows. 1.09 ml glacial acetic acid was added to 99 ml of 50<Vb 
ethand. 

Adrlamycin ar>d cis-platinum were obtained from Sigma Chemk^al Co., St. Louis, MO. 

18.2. RESULTS AND DISCUSSION 

FIGS. 17 and 18 show the results of three-dimenskxial bone marrow culture cytotoxicity assays, using 
adrlamycin and cis-platinum, respectively, as test agents. Note that, in each case, the three-dimenstor^ 
culture systems~show a dose-related response to test agent. Significantly, with either adrlamycin or 
cis-platinum. the TD50 tor bone marrow three-dimensional cultures was different from the TD50 determined 
using conventiorwJ ffbroblast monolayer cultures. Importantly, these results indicate that n>orK>layer cultures 
may not be accurate measures for cytotoxicity; perhaps because the cells are growing in an extremely 
unnatural environment, monolayer cell cultures may be more sensitive to toxic agents. It is crucial to be able to 
determine the actual toxicity of a test substance; for example, in chemotherapy, it may be important to 
administer the highest dose tolerable in order to effectively eliminate malignant cells. Underestimating the 
highest tolerated dose may result in administering a less effecth/e amount of anti-tumor agent. By providing 
three-dimensional tissue cultures not only of bone marrow wnd other nomrial tissues, but tumor tissues as well, 
the present Inventton enables the In vitro determination of the optimal dose of chemotherapeutfc agent. 

19. EXAMPLE: THREE-DIMENSIONAL SKIN CULTURE SYSTEM FOR IMPLANTTATION USING A NEODERMIS 

IN MICROPIGS 

Skin transplants were performed on four Charles River mrcropigs. Experiments were designed to compare 
the effects of neodermis. mesh substrate permeated with cell lysate, and mesh alone on the contraction, 
healing and epithelialization of split-thickness and full-thrckness wounds. Multiple parallel wounds were 
compared along tt»e dorsal surface of each animal to aHow accurate assessment of healing In each area In 
these studies a biodegradable mesh was seeded with pig dermal fibroblasts and transplanted as a dermal 
replacement. Other meshes Included human dermal fibroblasts and pig dermal fibroblasts seeded with pig 
keratinocytes. By monitoring the engrafted areas through histological sections and gross changes in 
appearance (exudate, erythema, etc.), we were able to study th efficacy of the three-dimensional skin system 
as a transplant modality. 
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19.1. MATERIALS AND MET>HODS 



5 

19.1.1. PREPARATION OF THE WOUND BED 

For proper evaluation of the epidermal graft it was essential ttiat tt>e wound graft t>ed be prepared so that no 
dermis, hair follicles, sweat or sebaceous glands remained. To achieve this, a Browne dermatome at a setting 

10 of 0.075-0.090 inch was used to remove fuN thickness skin from the upper lateral side of the pig. Wound areas 
of 5cm X 5cm were created. When k>wer lateral regions were to be prepared, ttie setting was adjusted to 
0.60-0.075 Inches. The mesh alone or mesh with cultured cells was placed on the t>ed, just above the fascia. 
The sterile dermatome-prepared bed reduced the possibility of contaminatk>n and alkiwed for absolute 
hemostasis In the graft t>ed. 

15 if minor bleeding occurred after the skin removal, a dry gauze dressing was placed on the wouruf and 
pressure was applied for 10-15 minutes. At aN times the sterile t>ed was covered with sterile gauze pre-wetted 
with PBS until the grafts were placed on tf)e fascia. Silk sutures (Z-C) were placed approximately one aiKl 
one-half inches apart on both sides of the prepared graft bed to hokl a compresskxi stent in place. Cultured 
grafts (meshes with cells) were removed from tissue culture flasks with sterile forceps and sutured Into place 

20 using conventional subcutk;ular stitches. Grafts were covered with petrolatum gauze and silk ligatures were 
tied so as to provide a compression stent. The pig was barKiaged with Bastoplast. Wound dressings were 
changed In four days. 

25 19.1.2, ANESTHESIA 

Pigs were anesthetized with the use of ketamine hydrochloride (Ketalar) and were kept under anesthesia by 
a mixture of halottnane. nitrous oxide, and oxygen. The skin area was washed with povidone-lodine (Betadlr>e) 
and 7<Vb alcohol, prior to preparation of four full-thlckess graft t>eds on the lateral side of the pig, as descrit>ed 
30 above. 



19.1.3. ANIMAL MA^^f^ENANCE 

35 After 4 to 5 days the wound dressing was removed, grafted areas were studied for signs of Infection and/or 
rejection, and then were covered once more with petrolatum gauze and bandaged with Elastoplast Wounds 
were subsequently observed at four-day intervals with bk>pstes being taken from treated areas. Animals were 
anesthetized wrth Ketalar to allow sterile removal of a 4 mm biopsy utilizing a disposable Baker's purKh and 
sterile technique. Samples were sent for histological evaluation in order to assess graft attachment and wound 

40 healing. 



19.1.4. EPITHEUAL GRAFTS 

45 Selected animals receh^ed half-grafts of autologous keratinocytes 10 days after Implantation with the dermal 
equivalent. KeratlrK>cyte stieets produced from isolated cells grown to over-confluence had been cultured for 
10-14 days before implantatton onto the dermal equivalent. Sheets were attached by four topical sutures and 
covered with petrolatum gauze and bandaging to aUow cell attachment. 

50 

19.2. RESULTS 

In ail animals treated, dermal equivalents attached weN, prevented contractk)n and dehydration, and 
provided a living tissue bed onto which epithelial cells could migrate or be placed in an autok>gous transplant. 

55 FIG. 1 9 is a representative of healing 10 days after implantatk>n of human demial equivalent (neodermis) into a 
full thickness wound. We noted a minimal contraction of the area and no signs of rejection, ir>dicating the utility 
of allogenk^ fibroblasts in transplants. Histok>gical evakiation of ttmse areas shows active growth of fibroblasts 
and deposition of collagen with m^imal white cell infiltratton (FIG. 20). Spilt thtekness wounds showed 
remarkable differences in contractkin, eptthelialization, pignr>entation. and hair growth wtien comparing wour)d 

60 treated with dernml equivalent (left) arKi biodegradable mesh alone (right) (FIG. 21). Mesh soaked with 
fibroblast cell lysate showed an enhancement of epithelial growth around mesh fit>er (FIG. 22), but an overall 
slower healir>g progress than in areas treated with living neodermis. 

Neodermis enhanced epithelial migratk>n onto the healing area. As seen in FIG. 23, deep rate pegs are 
formed by the keratinocytes as they migrate onto and attach to the living demnal equivalent. This pattern Is 

65 characteristic of epithelialization in healing areas. 
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Autologous keratinocytes attached well and had even healing onto the neodermis. FIQ. 24 illustrates the 
compartson of healing of a wound— half of which has received an autologous ep(tt>eltal graft and half of which 
received neodermis alone. The eprthelial graft healed evenly, prevented further contraction, and firmly attached 
to the underlying dermal equivalent. FIG. 25 shows the even growth and attachment of the epidemiaJ cells to 
the neodermis. The neodermis appeared to consist of actively growing fibroblasts and naturally-secreted 
fibroblasts. The mesh fibers were still present as seen in cross-section. 



19.3. DISCUSSION 

Transplantation experiments to date have irKllcated that ttie neodermis (fibroblasts and naturally secreted 
collagen on the biodegradable mesh) provides an excellent treatment for ful-thickness wounds. Successful 
use of xenogeneic transplants illustrates the ability to utilize alk>genek: neodermis in bum victims and patients 
with decubitus uk^rs. The transplants alk>w migration of epithelial cells onto tt)e implanted surface as well as 
support and growth of autologous epithelial sheets. Grafts were pernrument, with no evidence of either 
superficial or deep scarring after four months. 



Claims 

1. A three-dimensional stromal matrix comprising subconfluent stromal celts on a three dimensional 
matrix composed of a material and shape that alk)ws cells to attach to It or can be modified to allow cells 
to attach to it, and which alk>ws cells to grow in more than one layer. 

2. The three-dimensional stromal matrix of claim 1 in which the stromal cells comprise fibroblasts. 

3. The three-dimensKDnal stromal nmtrtx of claim 2 in which tt)e stromal cells further comprise 
endothelial cells, pericytes, macrophages, monocytes, leukocytes, plasnta cells, mast celts or adipocytes. 

4. The three-dlnrwnslonal stromal matrix of claim 1 in whteh the three-dimenskxwl matrix cornprises a 
biodegradable PDaterial. 

5. The three-dimensional stromal matrix of claim 4 in whk^h the biodegradable material comprises 
cotton, polyglycolic ackl. cat gut sutures, cellulose, gelatin, or dextran. 

6. The three-dimensional stromal matrix of claim 1 in which the three dimensional matrix comprises a 
rK)n-blodegradable material. 

7. The three-dimenstonal stromal matrix of claim 6 in which the rx)n-blodegradabl6 material comprises a 
polyamide, a polyester, a polystyrerte, a polypropylene, a potyacrylate, a polyvinyl, a polycartx^nate. a 
polytetrafUjorethyier>e, or a nitrocelluk>se compound. 

8. The three-dinr)ensional stronnal matrix of claim 4, 5, 6 or 7 in whk:h the material is coated with collagen. 

9. A three-dimensKHial cell culture comprising parenchymal cells cultured on a three-dimensional 
stromal matrix comprising subconfluent stronnal cells on a three-dimensional matrix composed of a 
material arxi shape that alk^ws cells to attach to it. or can be modified to allow cells to attach to it, and 
which altows cells to grow in more than one layer. 

10. The three-dimensioruJ cell culture of claim 9 in which the stromal cells comprise fibroblasts. 

11. The three-dimensk>r>al ceH cultiire of claim 10 in whk:h the stronnal cells further comprise endothelial 
cells, perk;ytes, macrophages, monocytes, leukocytes, plasma cells, mast cells or adipocytes. 

12. The three-dimensk)r>ai cell culture of claim 9 in which the three-dimensiorial matrix comprises a 
biodegradable material. 

13. The three-dimenskmal cell culture of claim 12 in wtiich the biodegradable material comprises cotton, 
potyglycolk; acid, cat gut sutures, cellulose, gelatin, or dextran. 

14. The three-dimensional cell culture of claim 9 in whk^h the three dimensional matrix comprises a 
nor>-bk>degradable nruiterial. 

15. The ttvee-dtmensKHial cell culture of dalm 14 In which the non-blodegradat>le material comprises a 
polyamtde, a polyester, a polystyrene, a polypropylene, a polyacrylate. a polyvinyl, a polycart>onate, a 
potytetrafluorettrylene, or a nrtrocelluk)se compound. 

16. The three-dimensional cell culture of claim 12, 13, 14 or 15 in whk:h the material is coated with 
collagen. 

17. A three-dimensk>nal bone marrow culture comprising henDatopoletk: cells cultured on a 
three-dlnnenslonal stroma! niatrix comprising subconfluent stromal cells on a tt)ree-dinr>ensional matrix 
composed of a material arKi shape that alk>w$ cells to attach to it. or can be modified to alk)w cells to 
attach to it, and wtiich alknvs cells to grow in more than one layer. 

18. A three-dimensional skin culture comprising melanocytes and keratirKx:ytes cultured on a 
three-dimensk>nal stromal matrix comprising subconfluent stromal cells on a three-dtmer)sk)nal matrix 
composed of a material and shape that allows cells to attach to It, or can k>e modified to allow cells to 
attach to it, and which allows cells to grow in more than one layer. 

19. A three-dimensional skin culture comprising melanocytes and keratinocytes cultured on a 
three-dimensk)nal stromal matrix comprising confluent stromal celts on a three-dimensional matrix 
composed of a material and shape that allows celts to attach to it. or can be modified to alk)W celts to 
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attach to It, and which allows cells to grow in more ttian one layer. 

20. A three-dimensional culture system comprising neuronal cells and astrocytes cultured on a 
three-dimensional stromal matrtx comprising confluent small blood vessel endothefial cells on a 
three-dimensional matrix composed of a material and shape that allows ceds to attach to it, or can be 
modrffed to allow cells to attach to It, and which allows cells to grow In more than one layer. 

21. A three-dimensional culture comprising mucosal epithelial cells cultured on a three-dimensional 
stromal matrix comprislrig confluent stromal ceUs on a three-dimensional matrtx composed of a material 
and shape that allows cells to attach to it. or can be modified to allow cells to attach to It, and wtwch allows 
ceHs to grow in more than one layer. 

22. A ttv-ee-dlmenslonal tumor culture comprising tumor cells cultured on a three-dimensional stromal 
oiatrix comprising subconfluent stromal cells on a three-dimensional matrix composed of a material and 
shape that allows ceils to attach to it, or can be modified to altow cells to attach to ft. and which allows 
cells to grow in more than one layer. 

23. A three-dimensior^ liver culture comprising hepatocytes cultured on a three-dimensional stromal 
matrix comprising subconfluent stromal cells on a three-dinr>ensional matrix composed of a materiat and 
shape that allows cells to attach to it. or can be modified to aUow cells to attach to It. and which aflows 
cells to grow In more than one layer. 

24. A three-dimensional pancreatic culture conrY:)rising endocrine acinar cells cultured on a 
three-dimensional stromal matrix comprising subconfluent stromal cells on a three-dimensional matrtx 
composed of a material and shape that allows cells to attach to ft. or can be modified to allow cells to 
attach to ft. and which allows cells to grow In more than one layer. 

25. A method forcutturing cells fnvrtro comprislr>g: 

(a) inoculating parenchymal cells onto a ttiree-dlmensional stromal matrix comprising stromal cells 
on a three-dimensional matrix composed of a material that allows cells to attach to ft, or can be 
modified to allow cells to attach to ft, and which allows cells to grow In more than or>e layer; aiKl 

(b) incubating the inoculated three-dimensional stronDal matrix in a nutrient medium so that the 
inoculated celts proliferate in culture. 

26. The method according to claim 25 in which the stromal cells comprise fibroblasts. 

27. The method according to claim 26 in which the stromal ceHs further comprise endothelial cells, 
pericytes, macrophages, monocytes, leukocytes, plasma cells, mast cells or adipocytes. 

28. The method according to claim 25 in which the three-dimensional matrix comprises a biodegradable 
material. 

29. The method according to claim 28 in which the biodegradable material comprises cotton, 
potyglycolic acid, cat gut sutures, cellulose, gelatin, or dextran. 

30- The method according to claim 25 in which the ttvee dimensional matrix comprises a 
non-biodegradable material. 

31 . The method according to claim 30 In which the non-biodegradable material comprises a potyamtde, a 
polyester, a polystyrene, a polypropylene, a polyacrylate, a polyvinyl, a polycart}onate, a polytetrafluore- 
thylene. or a nrtrocellulose compound. 

32. The method according to claim 28. 29, 30 or 31 in which the material is coated with collagen. 

33. A method for culturing bone marrow cells invftro comprising: 

(a) inoculatirig hematopoietic cells onto a three-dimensional stromal matrix comprising 
sut>confluent stromal cells on a three-dimensional matrix composed of a material and shape that 
allows cells to attach to ft. and which allows cells to grow in more than one layer; ar>d 

(b) incubating the inoculated three-dimensional stromal matrix in a nutrient medium so ttiat the 
inoculated cells prolfterate in cufture. 

34. A method for cufturing skin cells in vitro , comprising: 

(a) inoculating melanocytes and keratlnocytes onto a three-dimensional stromal matrix comprising 
subconfluent stromal ceHs on a three-dimensk>nal matrix composed of a material and shape that 
allows cells to attach to ft, arKi which allows cells to grow In more than one layer; and 

(b) incubating the inoculated three-dimenskxial stromal matrix in a nutrient medium so that the 
inoculated ceHs proliferate in cufture. 

35- A method for culturing skin cells In vitro , comprising: 

(a) Inoculating melanocytes and keratirK>cytes onto a three-dimensk}nal stromal matrix comprising 
confluent stromal cells on a three-dimensional matrix composed of a material and shape that allows 
cells to attach to it, and which alk)ws cells to grow in more than one layer; and 

(b) incubating the inoculated three-dimensk)nal stromal matrtx In a nutrient medium so that the 
inoculated cells proliferate In culture. 

36. A method for cufturing neuronal cells in vitro 

(a) inoculating astrocytes onto a three-dimensional stromal matrix comprising confluent 
endothelial ceils on a three-dimensional matrix composed of a material and shape that alk>ws cells to 
attach to it, and whrch allows cells to grow in more than one layer; and further 

(b) Inoculating onto said astrocytes, neuronal cells; and 

(c) incubating the inoculated three-dimensional stromal matrix in a nutrient medium. 

37. A method for culturing mucosal epithelium in vftro comprising: 
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(a) inoculating mucosal epithelial cells onto a three-dimensional stromal matrix comprising 
sut)confluent stromal cells on a three-dimensional matrix composed of a nnatenal and shape that 
allows cells to attach to it, and which allows cells to grow in more than or>e layer; and 

(b) incubating the Inoculated three-dimensional strornal matrix in a nutrient medium so that the 
inoculated celts proliferate in culture. 

38. A method for culturing tumor tissue cells in vitro comprising: 

(a) inoculating tumor cells onto a three-dimensional stromal matrix comprising subconfluent 
stromal cells on a three-dimensional n^trix composed of a material and shape that allows cells to 
attach to it, and which allows cells to grow in more than one layer; and 

(b) incubating the inoculated three-dimensior>al stromal matrix in a nutrient medium so that the 
inoculated celts proliferate in culture. 

39. A method for culturing liver cells in vitro comprising: 

(a) inoculating hepatocytes onto a three-dimensional stromal matrix comprising subconfluent 
stromal cells on a three-dimensional matrix composed of a material and shape ttuit allows cells to 
attach to ft, and which allows cells to grow In more than one layer; and 

(b) incubating the inoculated three-dimensional stromal matrix in a nutrient medium so that the 
inoculated cells proliferate in culture. 

40. A method for culturing pancreatic cells in vitro comprising: 

(a) inoculating pancreatic acinar cells onto a three-dimensional stromal matrix comprising 
subconfluent strornal cetts on a three-dimensional matrix composed of a nruiterial and shape that 
allows cells to attach to rt, and which allows ceKs to grow in more than one layer; and 

(b) incubating tf>e inoculated three-dimensional stromal matrix in a nutrient medium so that ttie 
inoculated cells proHferate in culture. 

41. A method for transplantation or implantation of cells In vivo comprising: 

(a) culturing parenchymal cells derived from a tissue type to be transplanted or implanted so that 
the parenchymal cells proliferate In vitro ; and 

(b) implanting the proliferated parenchymal cells in vivo . 

42. The method for transplantation or implantation according to claim 41 in wtilch the culturing 
comprises: 

(a) inoculating parenchymal cells onto a three-dlniensional stronuti matrix comprising subcon- 
fluent stromal cells on a three-dimensional matrix composed of a nnaterial tt>at allows celts to attach 
to ft, or can be modified to allow cells to attach to it. and which allows cells to grow in more tttan on 
layer; and 

(b) incubating the inoculated three-dimensional stromal matrix In a nutrient medium so ttiat the 
inocuated cells proliferate In culture. 

43. The method according to claim 42 in which the stromal cells comprise fibroblasts. 

44. The method according to claim 43 in which the stromal ceUs further comprise endothefial cells, 
pericytes, macrophages, monocytes, leukocytes, plasma cells, mast cells or adipocytes. 

45. The method according to claim 42 in which the three-dinr>ensional nnatrix conr>prises a biodegradable 
material. 

46. The method according to claim 45 in which the biodegradable material comprises cotton, 
polyglycolic acid, cat gut sutures, cellulose, gelatin, or dextran. 

47. The nmthod according to claim 42 in which the three dimensional matrix comprises a 
non-biodegradable nnaterial. 

48. The method according to daim 47 in which the non-biodegradable material comprises a polyamide, a 
polyester, a polystyrene, a polypropylene, a poiyacrylate. a polyvinyl, a polycarbonate, a potytetrafluore- 
thylene, or a nitrocellulose compound. 

49. The method according to claim 45, 46, 47 or 48 in which the material is coated with collagen. 

50. A nriethod for transplantation or Implantation of bone nr^arrow cells in vivo comprising: 

(a) culturing hematopoietic cells in vitro so that the henDatopoietic cells proliferate; and 

(b) implanting the proliferated hematO(>oietic ceMs In vivo . 

51. The method for transplantation or implantation of bone marrow cells according to claim 50 in which 
the culturing comprises: 

(a) inoculating hematopoietic cells onto a three-dimensional stromal matrix comprising 
subconfluent stromal cells on a three-dimensional nnatrix composed of a nr>aterial and shape that 
allows cells to attach to it, or can be nrnxlified to allow cells to attach to it, and which allows celts to 
grow in more than one layer; and 

(b) incubating the inoculated three-dimensionat stromal matrix in a nutrient medium so that the 
inoculated celts proliferate in culture. 

52. A method for transplantation or implantation of skin cells in vivo comprising: 

(a) culturing melanocytes and keratinocytes In vitro so that the melanocytes and keratinocytes 
proliferate; and 

(b) implanting the proliferated melanocytes and keratinocytes in vivo . 

53. The method for transplantation or implantation of skin cells according to claim 52 in whrch the 
culturing comprises: 
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(a) inoculating the melanocytes and keratinocytes onto a three-dimensional stromal matrix 
comprisff>g subconfluent stromal cells on a three-dimensional matrix composed of a material that 
aJlows cells to attach to It. or can be modified to allow cells to attach to it, and which allows cells to 
grow in more than one layer; and 

(b) incubating tt>e inoculated three-dimensional stromal matrix In a nutrient medium so that the 
inoculated cells proliferate tn culture. 

54. The method for transplantation or implantatfon of skin cells according to claim 52 in wt^ch the 
culturing comprises: 

(a) Inoculating the melanocytes and keratinocytes onto a three-dimensionaJ stromal matrix 
comprising confluent stromal cells on a three-dimensional matrix composed of a material that allows 
cells to attach to it. or can be modified to allow cells to attach to rt. and whk:h alk>ws cells to grow in 
more than one layer; and 

(b) incubating the inoculated three-dimensional stromal matrix in a nutrient medium so ttiat the 
inoculated ceils proliferate In culture. 

55. A method for transplantatk^ or implantation of liver cells In vivo comprising : 

(a) culturing hepatocytes invrtro so thai the hepatocytes proliferate; and 

(b) implanting the proliferated hepatocytes in vivo . 

56. The method for transplantatton or implantatk>n of Kver cells according to claim 65 in which the 
culturing comprises: 

(a) inoculating the hepatocytes onto a three-dimensk>nal stromal matrix comprising subconfluent 
stromal cells on a three-dinwnslonai matrix composed of a material that aitows cells to attach to It, or 
can be modified to allow cells to attach to it, and which alk>ws cells to grow in more than one layer; 
and 

(b) incubating the inoculated three-dimensional stromal matrix in a nutrient medium so that the 
inoculated cells proliferate in culture. 

57. A method for transplantation or implantatkMi of pancreatic ceHs in vivo comprising: 

(a) culturing pancreatte acinar cells invrtro so that the pancreatic acinar cells proliferate; and 

(b) implanting the proliferated pancreatic acinar cells in vivo . 

58. The method for transplantation or ImplantatkKi of pancreatic cells according to claim 57 in whk:h the 
culturing comprises: 

(a) inoculating the pancreatic acinar cells onto a three-dimensional stromal matrix comprising 
subconfluent stromal cells on a three-dimensional rriatrix composed of a material that allows cells to 
attach to it. or can be modified to allow cells to attach to rt. and which allows ceHs to grow in more 
than one layer; and 

(b) incubating the inoculated three-dimensional stromal matrix in a nutrient medium so that the 
inoculated celts proliferate in culture. 

59. A method for implantatk:>n of stromal cells in vivo comprising implantk>g a three-dimensional stromal 
matrix comprising subconfluent stromal cells on a three-dimensional matrix composed of material and 
shape that allows ceHs to attach to it. or can be modified to allow cells to attach to it, and which allows 
cells to grow in more than one layer 

60. The method of implantation according to claim 59 In which the stromal cells comprise fibroblasts. 

61. The method of implantation according to claim 60 in whk:h the stromal ceHs further comprise 
endothelial cells, pericytes, macrophages, moriocytes. leukocytes, plasma cells, mast cells or adipocytes. 

62. The method of implantation according to claim 59 in which the three-dimensional matrix comprises a 
biodegradable material. 

63. The method of inrH)lantation according to claim 62 in wtUch the biodegradable material comprises 
cotton, potygtycolk; acW. cat gut sutures, celluk^se. gelatin or dextran. 

64. The method of Implantatton according to claim 59 in whteh the three-dimenstonal matrix comprises 
non-biodegradable materials. 

65. The method of Implantatton according to claim 64 in which the non-biodegradable material comprises 
a polyamide. a polyester, a polystyrene, a polypropylene, a polyacrylate. a polyvinyl, a polycart>onate. a 
polytetrafluorethyiene, or a nitrocelluk>se compound. 

66. The method of Implantatton according to claims 62, 63. 64 or 65 in which tt>e material is coated with 
collagen. 

67. A method for testing the cytotoxteity of a test substance comprising: 

(a) exposing a three-dimensional ceH culture to the test substance, in whteh the three-dimenstonal 
cell culture comprises parenchymal ceHs grown on a three-dimensional stromal matrix comprising 
actively growing stromal cells on a three-dimenstonal matrix composed of a material and shape tt>at 
allows cells to attach to it. or can be modified to altow cells to attach to it. and whtoh allows cell to 
grow in more than one layer; and 

(b) determining the numt>er of damaged or dead cells In the cell culture. In which the number of 
damaged or dead cells correlates with the cytotoxicity of the test substance. 

68. The method for testing the cytotoxicity of a test substar^e according to clabn 67 in whtoh the stromal 
cells comprise fibroblasts. 

69. The method for testing the cytotoxicity of a test substance according to claim 68 In which the stromal 
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cells further comprise endothetfai celfs« pericytes, macrophages, monocytes, feuko<;ytes. plasma eels, 
mast ceHs or adipocytes. 

70. The method for testing the cytotoxidfy of a test substance accordng to cJaim 67 in which the 
three-dimensional matrix comprises a biodegradable material. 

71 . The method for test^ th& cytotoxicrty of a test substance according to claim 70 in which tt>e 
biodegradable material comprises cotton, potygfycolic acid, cat gut sutures, cellulose, gelatin ordextran. 

72. The method for testing the cytotoxicity of a test substance according to claim 67 in wtuch the 
three-dimensional matrix comprises non-biodegradable materials. 

73. The method for testing tt>e cytotoxicity of a test substance according to claim 72 in which the 
non-biodegradable material comprises a polyaniide. a polyester, a polystyrene, a polypropylene, a 
polyacrytate, a polyvinyl, a polycarbonate, a polytetrafluorethytene, or a nitrocellulose compound. 

74. The method for testing tt>e cytotoxicity of a test substance according to claim 70, 71, 72 or 73 In 
which the material is coated with coltagen. 

75. The method for testing the cytotoxicity of a test substance according to claim 67 In which the 
parenchymal cells comprise hematopoietic cells. 

76. The method for testing the cytotoxicity of a test substance according to claim 67 in which the 
parenchynial cells comprise melanocytes and keratinocytes. 

77. The method for testing the cytotoxicity of a test substance according to claim 67 In which the 
parenchymal ceNs comprise hepatocytes. 

78. The method for testing the cytotoxicity of a test substance aocorcSng to claim 67 in which ttie 
parenchymal cells comprise pancreatic acinar cells. 

79. A method for testing the effect of a drug, comprising : 

(a) exposing a three-dimensional cell culture to the drug, in which the three dimensk>nal cell 
culture comprises parenchymal cells grown on a three-dimensk}nal stromal matrix comprising 
subconfluent stromal oetts on a tt>ree-dlmensk>nal matrix composed of a material and shape that 
altows cells to attach to it, or can be modified to allow cells to grow in more than one layer; and 

(b) determining the effect of the drug on the cells in culture. 

80. The method for testing the effect of a drug according to claim 79 in whk;h the stromal cells comprise 
fibroblasts. 

81. The niethod for testing the effect of a drug according to claim 80 in whteh the stromal cells furttwr 
comprise endothelial cells, pericytes, macrophages, monocytes, leukocytes, plasma cells, mast cells or 
adipocytes. 

82. The method for testing the effect of a drug according to claim 79 in which the three-dimenstoriat 
matrix comprises a biodegradable material. 

83. The mett)od for testing the effect of a drug according to claim 82 in wtUch the biodegradable material 
comprises cotton, polyglycolk: ackl, cat gut sutures, cellulose, gelatin or dextran. 

84. The method for testing the effect of a drug according to claim 79 in which the three-dimenstonal 
matrix comprises non-biodegradable materials. 

85. The method for testing the effect of a drug according to claim 84 in which the non-biodegradable 
material comprises a polyamide, a polyester, a polystyrene, a polypropylene, a polyacrylate. a polyvinyl, a 
polycerbonsite, a pofytetrafluorethylene, or a nitrocellulose compound. 

86. The method for testing the 82. 83, 84 or 85 in which the material Is coated with collagen. 

87. The method for testing the effect of a drug according to claim 79 in whk;h the parenchymal cells 
connprise hematopoietic cells. 

88. The method for testing the effect of a drug according to claim 79 in which the parenchymal celts 
comprise melanocytes and keratinocytes. 

89. The method for testing the effect of a drug according to claim 79 in which the parenchymal cells 
comprise hepatocytes. 

90. The method for testing the effect of a drug according to claim 79 in which the parenchymal cells 
comprise pancreatk; acinar ceHs. 

91. The method for testing the effect of a drug according to claim 79 in which the parenchymal ceNs 
comprise mucosal epithelial celts. 

92. The method for testing the effect of a drug according to claim 79 in whk;h the parenchymal celts 
comprise nuicosal eplthelfal cells infected with a virus. 

93. The method for testing the effect of a drug according to claim 73 in whteh the parenchymal ceHs 
comprise mucosal epithelial cells infected with a herpesvirus. 

94. The n>ethod for testing the effect of a drug according to claim 79 in whk:h the parenchymal cells 
comprise mucosal epithelial cells \rtfected with a papttiomavirus. 

95. The metlKKl for testing the effect of a drug according to claim 79 in which the parenchynial cells 
comprise tumor cells. 

96. A method for diagnosing or monitoring a malignancy in a patient, comprising: 

(a) obtaining a sample of cells from the patient; 

(b) inoculating cells from the sample onto a three-dimensional stromal matrix comprising actively 
growing stromal cells on a three-dimensional nr^atrix composed of a material and shape that alkiws 
cells to attach to it, or can be modified to allow cells to attach to it. and which allows cells to grow in 
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more than one layer; 

(c) incubating the inoculated three-dimensional stromal matrix in a nutrient medium so that the 
inoculated cells proliferate in cutture; and 

(d) determining the presence of malignant cells in the proliferated cefls in culture. 

97. The method for diagnosing or monitoring a malignancy according to claim 96 in which the stromal 
cells comprise fibroblasts. 

98. The method for diagnosing or monitoftng a malignancy according to ciafm 97 in which the stromal 
cells further comprise endothelial cells, pericytes, macrophages, monocytes, leukocytes, plasma cells, 
mast cells or adipocytes. 

99. The method for diagnosing or monitoring a malignancy according to claim 96 in which the 
three-dimensional matrix comprises a biodegradable material. 

100. The method for diagnosing or monitoring a nruiltgnancy according to claim 99 in which the 
biodegradabte material comprises cotton, potyglycofic actd, cat gut sutures, cellulose, gelatin or dextran. 

101. The method for diagnosing or monitoring a matignancy according to claim 96 in which the 
three-dimensional matrix comprises non-4>iodegradable materials. 

102. The method for diagnosing or monitoring a malignancy according to claim 101 in which the 
non-^siodegradable material comprises a potyamide, a polyester, a polystyrene, a potypropytene, a 
potyacrylate. a polyvinyt, a polycart>onate, a polytetrafluorettiytene, or a nitroceUulose compound. 

103. The method for diagr)oslng or monitoring a malignancy according to claim 99, 100. 101 or 102 In 
which the material is coated with coltagen. 

104. The method for diagnosing or monitoring a malignancy according to claim 96 in which the 
parenchymal cells comprise hematopoietic ceils. 

105. The method for diagnosing or monitoring a malignancy according to claim 96 in which the 
parenchymal cells comprise melanocytes and keratinocytes. 

106. The method for diagnosing or monitoring a malignancy according to claim 96 in which the 
parenchymal ceHs comprise hepatocytes. 

107. The method for diagnosing or nnonitoring a malignancy according to claim 62 in which the 
parenchymal ceils comprise pancreatic acinar ceVs. 

108. A method for oulturing genetically engineered cells, comprising: 

(a) inoculating transf acted parenct»ymai cells onto a three-dimensional stromal matrix in which: 

(i) the transfected parenchymal cells contain a foreign gene under the control of an expression 
element; and 

(li) the three-dimer^ionai stromal matrix comprises actively growing stromal cells on a 
three-dimensional matrix composed of a material and shape that allows cells to attach to it, or can t>e 
modified to allow cells to attach to It. and which allows cells to grow in more than one layer; and 

(b) incubating the inoculated three dimerwional stromal matrix in a nutrient medium so that the 
transfected ceHs proliferate In culture. 

109. The method for culturing ger>etically er^ineered cells according to claim 108 in which the stromal 
cells comprise fitKobtasts. 

110. The method for culturing genetically engineered cells according to claim 109 in which the stromal 
cells further comprise endothelial cells, pericytes, macrophages, monocytes, leui<ocytes, plasnrta ceils, 
mast cells or adipocytes. 

111. The method tor culturing genetically engineered ceils according to claim 108 in which the 
three-dimensional matrix comprises a blodegradal>le material. 

112. The method for culturirtg genetically engineered cells according to claim 111 in which the 
biodegradable material comprises cotton, polyglycolic acid, cat gut sutures, cellulose, gelatin or dextran. 

113. The method for culturing genetically engineered cells according to claim 108 in which the 
three-dimensional matrix comprises nor>-blodegradable materials. 

114. The method for culturing geneticaly engineered cells according to claim 113 in which the 
non-biodegradable nDaterial comprises a polyamide, a polyester, a polystyrene, a polypropylene, a 
polyacrylate. a polyvinyt. a polycarbonate, a polytetrafluorethylene, or a nitrocellulose compound. 

115. The method for culturing genetically engineered ceHs according to claim 111, 112. 113 or 114 fn 
which the material is coated with collagen. 

116. metlv>d for culturing genetically engineered ceHs according to claim 108 in wt^ich the 
parenchymal cells comprise hematopoietic cells. 

117. The method for culturing genetlcaity engineered cells accordirvg to claim 108 in wtvch the 
parenchymal cells comprise melanocytes and keratinocytes. 

118- The method tor culturing ger>eticalty engineered ceHs according to claim 108 in whfch the 
parenchymal cells comprise hepatocytes. 

119. The method for culturing geneftcalty engineered cells according to claim 108 in which the 
parenchymal cells comprise pancreatic acinar ceils. 

120. A method for analyzing a disease or condition in a patient comprising : 

(a) obtaining a sample of cells from the patient; 

(b) inoculating cells from tt>e sample onto a three-dimensional stromal matrix comprising actively 
growing stromal ceils on a three-dimenstonal matrix composed of a material and shape that altows 
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ceHs to attach to rt, or can t>e modffied to altow cells to attach to it. and which allows cefts to grow in 
more than or>e layer; 

(c) irKXibating the lrv>culated three-dimensional stromal matrix in a nutrient medium so tfiat tt>e 
inoculated cells proliferate in culture; and 

(d) analyzing the proliferated cells in culture for markers of the disease or condition. 

121. The method for studyir>g disease mechanisms according to claim 120 in which the stromal cells 
con)prise fibroblasts. 

122. The method for studyir>g disease mechanisms according to claim 121 In which the stromal cells 
further comprise endothelial cells, pericytes, macrophages, monocytes, leukocytes, plasma cells, mast 
cells or adipocytes. 

123. The method for studyir>g disease mechanisms according to claim 120 in whtch the 
three-dlmensk>nal matrix comprises a bkxiegradable material. 

124. The method for studying disease mechanisms according to claim 123 in which the bkxiegradable 
material comprises cotton. polygtycoHc ackl, cat gut sutures, celluk>se. gelatin or dextran. 

125. The method for studying disease mectwnisms according to claim 120 in which the 
three-dimensional matrix comprises non-biodegradable materials. 

126. The method for studying disease mechanisms according to claim 126 in whrch th 
non-biodegradable material comprises a potyamide, a polyester, a polystyrer>e, a polypropylene, a 
poiyacrylate, a polyvinyl, a polycarbonate, a potytetrafhjorettiylene, or a nitrocefluk)se compound. 

127. The mett)od for studying disease mechanisms according to claim 123. 124. 125 or 126 in which the 
material Is coated with collagen. 

128. The method for studying disease mechanisms according to claim 120 in which the parenchymal 
ceHs comprise hematopoietic cells. 

129. The method for studylr>g disease mechanisms according to daim 120 in which the parenchymal 
ceHs comprise melanocytes and keratinocytes. 

130. The method for studying disease mechanisms according to claim 120 in which the parenchymal 
cells comprise hepatocytes. 

131. The method for studying disease mechanisms according to claim 120 In wt)ich the parenchymal 
cells comprise pancreatk: acinar cells. 

132. A method for testing the ability of a substance to cross the Wood-brain barrier comprising: 

(a) exposing an effective amount of the substance to the endothelial surface of a 
ttvee-dimensional culture system made by (i) inoculating astrocytes onto a three-dimensranal 
stromal matrix comprising confluent endothelial cells on a three-dtmensior>al nr>atrix composed of a 
material arKl shape that alk>ws ceils to attach to it. and which alk>ws cells to grow in nr>ore ttian one 
layer; (ii) inoculating further, onto sakJ astrocytes, neuronal cells; and (ill) incubating the inoculated 
three-dimenskxuil stromal matrix in a nutrient medium; and 

(b) detecting the effects of the substance on the astrocytes or neuronal cells of the inoculated 
three-dimensk>nal stromal matrix. 

133. A model system for the blood-brain barrier comprising a three-dimensk>nal tissue culture prepared 
by the following method: 

(a) inoculating astrocytes onto a three-dimer>sk>nal stromal matrix con>prising confluent 
endothelial cells on a three-dlmensiorial matrix composed of a material and stiape that allows cells to 
attach to It. and wtiich allows cells to grow in nfK>re than one layer; and further 

(b) Inoculating onto saki astrocytes, neuronal cells; and 

(c) Incubating the inoculated three-dimensk>nal stromal nriatrix in a nutrient medium. 
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